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BACKGROUND OF THE INVENTION 

Technical Field 

The present invention relates generally to an automated tunnel-type laser scanning 
package identification and measuring system arranged about a high-speed conveyor structure 
used in diverse package routing and transport applications, and also a method of identifying 
and measuring packages labeled with bar code symbols. 

Brief Description of the Prior Art 

In many environmenu, there is a great need to automatically identify and measure 
objects (e.g. packages, parcels, products, luggage, etc.) as they are transported along a , 
conveyor structure. While ovcr-the-head laser scanning systems are effective in scanning 
upwardly-facing bar codes on conveyed objects, there are many applications where it is not 
practical or otherwise feasible to ensure that bar code labels are upwardly-facing during 
transportation under the scanning station. 

Various types of "tunrwl** scanning systems have been proposed so that bar codes can 
be scanned independently of their orientation within scanning volume of the system. One 
such prior art tunnel scanning system is disclosed in US Patent No. 5.019,714 to Knowles. 
In this prior art scanning system, a plurality of single scanllne scanners are orientated about a 
conveyor structure in order to provide limited degree of omni-dlrectional scanning within the 
•'tunnel-like- scanning envirorunent. Notably, however, prior art tunnel scanning systems, 
including the system disclosed in US Patent No. 5,019,714, are incapable of scanning bar 
code systems in a true omni-directional sense, i.e. independent of the direction that the bar 
code faces as it is transported along the conveyor structure. At best, prior art scanning 
systems provide omni-dlrectional scanning In the plane of the conveyor belt or in portions of 
planes orthogonal thereto. However, true omnidirectional scanning along the principal planes 
of a large 3-D scanning volume has not been hitherto possible. 
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Also, while numeroxjs systems have been proposed for automatically identifying and 
measuring the dimensions and weight of packages along a high-speed conveyor, prior art 
systems have been very difficult to manufacture, maintain, and operate in a reliable manner 
without the use of human supervision. 

Thus, there is a great need in the art for an improved tunnel-type automated laser 
scanning package identification/measuring system and a method of identifying and 
measuring packages transported along a high-speed conveyor system, while avoiding the 
shortcomings and drawbacks of prior art scanning systems and methodologies. 



20 DISCLOSURE OF THE PRE SENT INVENTION 

Accordingly, a primary object of the present invention is to provide a novel tunnel- 
type automated package identification and measuring system that is free of the shortcoming 
and drawbacks of prior art tunnel-type laser scanning systems and methodologies. 

Another objea of the present invention is to provide a fully automated unitary-type 
package identification and measuring system (i.e. contained within a single housing or 
30 enclosure), wherein a scanning subsytem is used to read bar codes on packages entering the 

system, while a package dimensioning subsystem is used to capture information about the 
package prior to entry into the tunnel. 

Another object of the present invention is to provide such an automated package 
identification and measuring system, wherein Laser Detecting And Ranging (LADAR-based) 
scanning methods are used to capture two-dimensional range data maps of the space above a 
conveyor belt structure, and two-dimensional image contour tracing methods are used to 
40 extract package dimcxu»ion data therefrom. 

Another object of the present invention is to provide such a unitary system, in which 
the scanning subsystem can be realized using either a holographic scarming mechanism, a ID 
or 2D camera system or polygonal scanning mechanism. 

Another object of the present invention is that the package velocity is computed by 
using a pair of laser beams projected aat different angular projections over the conveyor belt. 
Another object of the present invention is to provide such system in which the laser 
50 scanning lasers beams having multiple wavelengths to sensing packages having a wide range 

of reflectivity characteristics. 
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Another object of the present invention is to provide such as system, in which the 
same amplitude modulated laser beam used to dimension packages is also used to detect the 
presence of packages over a prespecified time interval. 

Another object of the present invention is to provide a fully automated package 
identification and measuring system, wherein the package dimensioning subsystem is realized 
as a LADAR-based package imaging and dimensioning unit (I.e. subsystem) supported above 
the conveyor belt structure of the system. 

Another object of the present invention is to provide such an automated package 
identification and measuring system, wherein the LADAR-based ima^ng» detecting and 
dimensioning subsystem produces a synchronized amplitude-modulated laser t>eam that is 
automatically scanned across the width of the conveyor belt structure and, during each scan 
thereacross, detects and processes the reflected laser beam in order to capture a row of raw 
range (and optionally reflection-intensity) information that is referenced with respect to a 
polar-type coordinate system symbolically-embedded within the LAOAR-based imaging, 
detecting and dimensioning subsystem. 

Another object of the present invention is to provide such an automated package 
identification and measuring subsystem, wherein the rows of range data captured by the 
LADAR-based imaging, detecting and dimensioning subsystem are continuously loaded into 
a preprocessing data buffer, one row at a time, and proce.ssed in real-time tising window- type 
convolution kcrnals that smooth and edge-detect the raw range data and thus improve its 
quality for subsequent dimension data extraction operations. 

Another object of the present invention is to provide such an automated package 
identification and measuring subsystem, wherein the LADAR-based Imaging, detecting and 
dimensioning subsystem automatically subtracts detected background Information (including 
noise) from the continuously updated range data map as to accommodate for changing 
environmental conditions and enable high system performance independent of background 
lighting conditions. 

Another object of the present invention is to provide such an automated package 
identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 
dimensioning subsystem automatically buffers consecutively captured rows of 
smoothed/edge-detected range data to provide a range data map of the space alxjve the 
conveyor belt, and employs two-dimensional image contour tracing techniques to detect 
image contours within the buffered range data map. Indicative of packages being transported 
through the laser scanning tunnel system. 
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Another object of the present invention is to provide such an automated package 

5 

identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 
dimensioning subsystem automatically processes the indices (m,n) of the computed contours 
in order to detea vertices associated with polygonal-shaped objects extracted from the range 
10 dau map, which are representative of packages or like objects being transported through the 

laser scanning tunnel system. 

Another object of the present invention is to provide such an automated package 
identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 
dimensioning subsystem automatically processes the m and n indices of the detected vertices 
associated with the computed contours In order to detect candidates for comer points 
associated with the corners of a particular package being transported through the laser 
20 scanning tunnel system. 

Another object of the present invention is to provide such an automated package 
identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 
dimensioning subsystem automatically processes the m and n indices of detected corner 
point candidates in order to reduce those corner point candidates down to those most likely 
to be the corners of a regular-shaped polygonal object (e.g. six sided box). 

Another object of the present invention is to provide such an automated package 
30 identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 

dimensioning subsystem automatically processes the m and n indices of the comer points 
extracted from the range data map in order to compute the surface area of the package 
represented by the contours traced therein; 

Another object of the present invention is to provide such an automated package 
identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 
dimensioning subsystem automatically processes the m and n indices of the corner points 
40 extracted from the range data map in order to compute the x,y and z coorcUnates 

corresponding to the comers of the package represented by the contours traced therein, 
referenced relative to a Cartesian-type global coordinate reference system symbolically 
embedded within the automated package identification and measuring subsystem. 
^ Another object of the present invention is to provide such an automated package 

identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 
dimensioning subsystem automatically processes the m and n indices of the comer points 
50 extracted from the range data map in order to compute the average height of the package 
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g represented by the contours traced therein, referenced relative to the Cartesian-type global 

coordinate reference system. 

Another object of the present invention is to provide such an automated package 
identification and measuring subsystem, wherein the LADAR-based imaging, detecting and 
dimensioning subsystem employs a polygonal-type laser scanning mechanism for scanning an 
amplitude^modulated laser beam across the width of the conveyor belt. 

object of the present invention is to provide such an automated package 
^5 identification and measuring subsystem, wherein the LADAR-based imaging, 

detecting and dimensioning subsystem employs a holographic-type laser scanning 
mechanism for scanning an amplitude-modulated laser beam across the width of the 
conveyor belt. 

Another object of the present invention is to provide a fully automated package 
identiBcation and measuring system, wherein mathematical models are created on a real-time 
basis for both the geometry of the package and the position of the laser scanning beam used 
25 to read the bar code symbol thereon. 

Another object of the present invention is to provide a fully automated package 
identification and measuring system, wl>erein the mathematical models arc analyzed to 
determine if collected and queued package identification data is spatially and/or temporally 
correlated with package measurement data using veaor-based ray-tracing methods, 
homogeneous transformations, and object-oriented decision logic so as to enable 
simultaneous tracking of multiple packages being transported through the scanning tunnel. 
35 Another object of the present invention is to provide such a system, in which a 

plurality of holographic laser scanning subsystems are mounted from a scanner support 
framework, arranged about a high-speed conveyor belt, and arranged so that each scanning 
subsystem projects a highly-defined 3-D omni-directlonal scanning volume with a large 
dcpth-of-field, above the conveyor structure so as to collectively provide omni-directional 
scanning with each of the three principal scanning planes of the tunnel-type scanning system. 
Another object of the present invention is to provide an automated package 
45 identification and measuring system, wherein singulated packages can be detected, 

dimensioned, weighed, and identified in a fully automated manner without human 
intervention, while being transported through a laser scanning tunnel subsystem using a 
package conveyor subsystem. 
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Another object of the present invention is to provide such a system, wherein a 
package detection and dimensioning subsystem is provided on the Input side of its scanning 
tunnel subsystem, for detecting and dimensioning singulated packages passing through the 
package detection and dimensioning subsystem. 

Another object of the present invention is to provide such a system, wherein a data 
element queuing, handling and processing subsystem is provided for queuing, handling and 
processing data elements representative of package identification, dimensions and/or weight, 
and wherein a moving package tracking queue is maintained so that data elements 
comprising objects, representative of detected packages entering the scanning tunnel, can be 
tracked along with dimensional and measurement data collected on such detected packages. 
Another object of the present invention is to provide such a system, wherein a 
^ package detection subsystem is provided on the output side of its scanning tunnel subsystem. 

Another object of the present invention is to provide such a system, wherein the 
tunnel scanning subsystem provided therein comprises a plurality of laser scanning 
subsystems, and each such laser scanning subsystem is capable of automatically generating, 
for each bar code symbol read by the subsystem, accurate information indicative of the 
precise point of origin of the laser scanning beam and its optical path to the read bar code 
symbol, as well as produced symbol charaaer data representative of the read bar code 
30 symbol. 

Another object of the present invention is to provide such a system, wherein the 
plurality of laser scanning subsystems generated an omnidirectional laser scanning pattern 
within a 3-0 scanning volume, wherein a bar code symbol applied to any one side of a six- 
sided package (e.g. box) will be automatically scanned and decoded when passed through the 
3-D scanning volume using the conveyor subsystem. 

Another object of the present invention is to provide such a system, wherein the laser 
40 scanning subsystems comprise holographic laser scanning subsystems, and also polygonal- 

type laser scanning subsystems for reading bar code symbols facing the conveyor surface. 

Another object of the present invention is to provide such a system, wherein each 
holographic laser scanning subsystem employed in the tunnel scanning subsystem comprises 
a device for generating information specifying which holographic scanning facet or 
holographic facet sector (or segment) produced the laser scan data used to read any bar code 
symbol by the subsystem. 

SO Another object of the present invention is to provide such a system, wherein each 

non-holographic (e.g. polygonal -type and CCD camera type) laser scanning subsystem 
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employed in the tunnel scanning subsystem comprises a device for generating information 
specifying which mirror facet or mirror sector produced the laser scan data used to read any 
bar code symbol by the subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing* handling and processing subsystem provided therein further comprises a 
scan beam geometry modeling subsystem for producing, relative to a local coordinate 
reference system symbolically embedded within the laser scanning subsystem, coordinate 
information comprising a geometric model of each laser scanning beam used to read a 
particular bar code symbol for which symbol character data has been produced by the laser 
scanning subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
20 element queuing, handling and processing subsystem provided therein further comprises a 

first homogeneous transformation module for converting the coordinate information 
comprising the geometric model of each laser scanrUng beam used to read a particular bar 
code symbol on a detected package, from the local coordinate reference system symbolically 
embedded within the laser scanning subsystem, to a global coordinate reference system 
symbolically embedded vvdthin the tunnel-type scanning system. 

Another object of the present invention is to provide such a system, wherein the data 
30 element queuing, handling and processing subsystem provided therein further comprises a 

package surface modeling subsystem for producing, relative to a local coordinate reference 
system symbolically embedded within the laser scanning subsystem, coordinate information 
comprising a geometric model of each surface on each package detected by the package 
detection and dimensioning subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
40 second homc)geneous transformation module for converting the coordinate information 

comprising the geometric model of each surface on a detected package, from the local 
coordinate reference system symbolically embedded within the laser scanning subsystem, to a 
global coordinate reference system symbolically embedded within the tunncl-type scanning 
system. 

Another object of the present invention is to provide such a system, wherein a laser 
scan beam and package surface intersection determituition subsystem is provided for 
50 determining which detected package was scanned by the laser scanning beam that read a 

particular bar code symbol, and for linking (i.e. correlating) package measurement data 
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associated with the detected package with package identification dau associated with the 
laser scanning beam that read a bar code symbol on a detected package. 

Another object of the present invention is to provide such a system with a package 
velocity measurement subsystem for measuring the velocity of the package as it moves from 
the package detection and dimer\sioning subsystem through the laser scanning tunnel 
subsystem of the system. 

Another object of the present invention is to provide such a system, wherein the 
y5 package velocity measurement subsystem is realized as an integral part of the LADAR-based 

imaging, detecting and dimensioning subsystem. 

Another object of the present invention is to provide such a system, wherein a 
package weigh ing-in-motion subsystem is provided for weighing singulated packages moving 
through the package detection and dimensioning subsystem, and producing weight 
measurement information for assignment to each detected package. 

Another objea of the present invention is to provide an automated package 
identification and measuring system, wherein singulated packages can be deteaed, 
dimensioned, weighed, and identified in a fully automated manner without human 
intervention, while being transported through a laser scanning tunnel subsystem using a 
package conveyor subsystem. 
^ Another object of the present invention is to provide such a ^tem, wherein a 

package detection and dimensioning subsystem is provided on the input side of its scanning 
tunnel subsystem, for detecting and dimensioning singulated packages passing through the 
package detection and dimer\sloning subsystem. 

Another object of the present invention is to provide such a system, whcrdn a data 
element queuing, handling and processing subsystem is provided for queuing, handling and 
processing data elements representative of package identification, dimensions and/or weight, 
^ and wherein a moving package tracking queue is maintained so that data elements 

comprising objects, representative of detected packages entering the scanning tunnel, can be 
tracked along with dimensional and measurement data collected on such detected packages. 

Another object of the present invention is to provide such a system, wherein a 
package detection subsystem is provided on the output side of its scanning tunnel subsystem. 

Another object of the present invention is to provide such a system, wherein each 
holographic laser scanning subsystem employed in the tunnel scanning subsystem comprises 
SO a device for generating information specifying which holographic scanning facet or 



35 



45 



S 




WO0(V75»56 PCT/US0a/15«24 

holographic facet sector (or segment) produced the laser scan data used to read any bar code 
symbol by the subsystem. 

Another objea of the present invention is to provide such a system, wherein each 
non-holographic (e.g. polygonal-type) laser scanning subsystem employed in the tunnel 
scanning subsystem comprises a device for generating information spedfying which mirror 
facet or mirror sector produced the laser scan data used to read any bar code symbol by the 
subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
scan beam geometry modeling subsystem for producing, relative to a local coordinate 
reference system symbolically embedded within the laser scanning subsystem, coordinate 
information comprising a geometric model of each laser scanning beam used to read a 
particular bar code symbol for which symbol character data has been produced by the laser 
scanning subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
first homogeneous transformation module for converting the coordinate information 
comprising the geometric model of each laser scanning beam used to read a particular bar 
code symbol on a deteaed package, from the local coordinate reference system symbolically 
embedded within the laser scanning subsystem, to a global coordinate reference system 
symbolically embedded within the tunncl-type scanning system. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
package surface modeling subsystem for producing, relative to a local coordinate reference 
system symbolically embedded within the laser scanning subsystem, coordinate information 
comprising a geometric model of each sxirface on each package detected by the package 
detection and dimensioning subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
jtecond homogeneous transformation module for converting the coordinate information 
comprising the geometric model of each surface on a detected packa^, from the local 
coordinate reference system symbolically embedded within the laser scanrung subsystem, to a 
global coordinate reference system symbolically embedded within the tunnel-type scanning 
system. 
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Another object of the present invention is to provide such a system, wherein a laser 
scan beam and package surface intersection determination subsystem is provided for 
determining which detected package was scanned by the laser scanning beam that read a 
particular bar code symbol, and for linking (i.e. correlating) package measurement dau 
associated with the detected package with package identification data associated with the 
laser scanning beam that read a bar code symbol on a detected package. 

Another object of the present invention is to provide such a system with a package 
^5 velocity measurement subsystem for measuring the velocity of the package as it moves from 

the package detection and dimensioning subsystem through the laser scanning tunnel 
subsystem of the system. 

Another object of the present invention is to provide such a system, wherein a 
package weighing-in-motion subsystem is provided for weighing singulated packages moving 
through the package detection and dimensioning subsystem, and produdng weight 
measurement Information for assignment to each detected package. 

Another object of the present invention is to provide an automated package 
identification and measuring system, wherein multiple packages, arranged in a side-by-side, 
stacked and/or singulated configuration, can be simultaneously detected, dimensk)ned. 
weighed, and identified in a fully automated manner without human intervention, while 
being transported through a laser scanning tunnel subsystem using a package conveyor 
subsystem. 

Another object of the present invention is to provide such a system, wherein a 
multiple package detection and dimensioning subsystem can be provided on the input and 
output sides of the scanning tunnel subsystem, and multiple moving package tracking queues 
are simultaneously maintained therein for spatially different regions above the conveyor l>elt 
in order that data elements comprising objects, representative of detected packages exiting 
"fO the scanning tunnel, can be tracked along with dimensional and measurement data collected 

on such detected paclcages. 

Another object of the present invention is to provide such a system, wherein the 
tunnel scanning subsystem provided therein comprises a plurality of laser scanning 
subsystems, and each such laser scanning subsystem is capable of automatically generating, 
for each bar code symbol read by the subsystem, accurate information indicative of the 
preci.se point of origin of the laser scanning beam and its optical path to the read the bar 
50 code symbol, as well as symbol charaaer data representative of the read bar code symbol. 
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Another object of the present invention is lo provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
scan beam geometry modeling subsystem for producing, relative to a local coordinate 
reference system symbolically embedded within the laser scaitning subsystem, coordinate 
information comprising a geometric model of each laser scanning beam used to read a 
particular bar code symbol for which symbol character data has been produced by the laser 
scanning subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
first homogeneous transformation module for converting the coordinate information 
comprising the geometric model of each laser scanning beam used to read a particular bar 
code symbol on a detected package, from the local coordinate reference system symbolically 
embedded within the laser scanning subsystem, to a global coordinate reference system 
symbolically embedded within the tunnel-type scanning system. 

Another object of the present invention is to provide such a system, wherein die data 
element queuing, handling and processing subsystem provided therein further comprises a 
package surface modeling subsystem for producing, relative to a local coordinate reference 
system symbolically embedded within the laser scanning subsystem, coordinate information 
comprising a geometric model of each surface on each package detected by the package 
detection and dimensioning subsystem. 

Another object of the present invention is to provide such a system, wherein the data 
element queuing, handling and processing subsystem provided therein further comprises a 
second homogeneous uansformation module for converting the coordinate information 
comprising the geometric model of each surface on a detected package, from the local 
coordinate reference system symbolically embedded within the laser scanning subsystem, to a 
global coordinate reference system symbolically embedded within the tunnel-type scanning 
system. 

Another objea of the present Invention is to provide such a system, wherein a laser 
scan beam and package surface intersection determination subsystem is provided for 
determining which detected package was scanned by the laser scanning beam that read a 
particular bar code symbol, and for linking (i.e. correlating) package measurement data 
associated with the detected package with package identification data associated with the 
laser scanning beam that read a bar code symbol on a detected package. 
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Another object of the present invention is to provide such a system with a package 
velocity measurement subsystem for measuring the velocity of the package as it moves from 
the package detection and dimensioning subsystem through the laser scanning tunnel 
subsystem of the system. 

Another object of the present invention is to provide such a system, wtierein 
the package detection and dimensioning subsystem provided on the input side of the 
laser scanning timnel subsystem comprises a laser scanning mechanism that generates 
15 an amplitude modulated laser scanning beam that is scanned across the width of the 

conveyor structure in the package conveyor subsystem while the scanning beam is 
disposed substantially perpendicular to the surface of the conveyor structure, and 
20 ligjht reflected from scanned packages is collected, detected and processed to produce 

information representative of the package hei^t profile across the width of the 
conveyor structure for each timing sampUng instant carried out by the package 
detection and dimension subsystem. 

Another object of the present invention is to provide a LADAR-based package 
imaging, dcteaing and dimensioning subsystem for imaging anti/or profiling packages 
transported thereby a subsuntially consunt velodty.. 
30 Another object of the present invention is to provide such a LADAR-based imaging, 

detecting and dimensioning subsystem, wherein a synchronized amplitude-modulated laser 
beam is automatically produced and scanned across the width of a conveyor belt structure 
and. during each scan thereacross. detects and processes the reflected laser beam in order to 
capture a row of raw range (and optionally reflection-intensity) information that Is 
referenced with respect to a polar-type coordinate system symbolically-embedded within the 
LASAR-based imaging, detecting and dimensioning subsystem. 
40 Another object of the present invention is to provide such a LADAR-based lmagii\g. 

detecting and dimer^oning subsystem, wherein captured rows of range data are continuously 
loaded into a preprocessing data buffer, one row at a time, and processed in real-time using 
wrindow-type convolution kemals that smooth and edge-detect the raw range data and thus 
improve its quality for subsequent dimension data extraction operations. 

Another object of the present invention is to pro^de such a LADAR-based imaging, 
detecting and dimensioning subsystem, wherein detected background information (including 
50 noise) is automatically subtracted from consecutively captured rows of smoothed/edge- 
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detected range data to provide a range data map of the space above the conveyor belt, for use 
in carrying out package dimension data extraction operations involving the same. 

Another object of the present invention is to provide such a LADAR-based imaging, 
detecting and dimensioning subsystem, wherein two-dimensional image contour tracing 
tedmiques arc used to detect image contours within the buffered range data map, indicative 
of packages being transported thereby. 

Another object of the present invention is to provide such a LADAR-based imaging, 
detecting and dimensioning subsystem automatically processes the indices (m,n) of the 
computed contours in order to detect possible vertices associated with polygonal-shaped 
objects extracted from the range daU map, which are rcprcsentotivc of packages or like 
objects being transported by the subsystem. 
^ Another object of the present Invention is to provide such a LADAR-based imaging. 

detecting and dimensioning subsystem, wherein the m and n indices of the vertices 
associated with the computed contours arc automatically processed in order to detect 
2g candidates for corner points associated with the corners of packages transported by the 

subsystem. 

Another object of the present invention is to provide such a LADAR-based imaging, 
detecting and dimetwioning subsystem, wherein the m and n indices of detected comer point 
^ candidates are automatically processed in order to reduce those comer point candidates 

down to those most likely to be the corners of a regular-shaped polygonal object (e.g. six 
sided box). 

Another object of the present invention is to provide such a LADAR-based imaging, 
detecting and dimensioning subsystem, wherein the m and n indices of the comer points 
extracted from the range data map are automatically processed in order to compute the 
surface area of the package represented by the contours traced therein. 
40 Another objea of the present invention is to provide such a LADAR-based imaging, 

detecting and dimensioning subsystem, wherein the m and n indices of the comer points 
extracted from the range data map are automatically processed in order to compute the x.y 
and z coordinates corresponding to the corners of the package represented by the contours 
traced therein, referenced relative to a Cartesian-type global coordinate reference system 
symbolically embedded within the automated package identification and measuring 
subsystem. 

50 Another object of the present invention is to provide such a LADAR-based imaging, 

detecting and dimensioning subsystem, wherein the m and n indices of the corner points 
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extraaed from the range data map are automatically processed in order to compute the 
average height of the package represented by the contours traced therein, referenced relative 
to the Cartesian- type global coordinate reference system. 

Another object of the present invention is to provide such a LADAR-based imaging, 
detecting and dimensioning subsystem, wherein a polygonal-type laser scanning mechanism 
is used to scan an amplitude-moduiated laser beam across the width of the conveyor belt. 

Another object of the present invention is to provide such a LADAR-based imaging, 
detecting and dimensioning subsystem, wherein a holographic-type laser scanning 
mechanism is used to scan an amplitude-modulated laser beam across the width of the 
conveyor belt. 

These and other objects of the present invention will become apparent hereinafter 
^ and in the Claims to Invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
For a more complete understanding of the present invention, the following Detailed 
Description of the Illustrative Embodiment should be read in conjunction with the 
accompanying Drawings, wherein: 
30 Fig, lA is a perspective view of an automated one-sided tunnel-type package 

identification and measurement (e.g. dimensioning and weighing) system constructed in 
accordance with the first illustrated embodiment of the present invention, wherein a single 
unitary package dimensioning and identification unit of the present invention is mounted 
over a conveyor belt; 

Fig. IB is a perspective view of an automated three-sided tunnel- type package 
identification and measurement (e.g. dimensioning and weighing) system constructed in 
40 accordance with the second illustrated embodiment of the present invention, wherein one 

unitary package dimensioning and identification unit of the present invention is mounted 
over a conveyor belt and functions as the master-control unit, while two such units are 
mounted on opposite sides thereof and interconnected therewith and function as slave units 
(i.e. supply package identification and dimension information to the master unit); 

Fig. IC is a perspective view of an automated four-sided timnel-typc package 
identification and measurement (e.g. dimensioning and weighing) system constructed in 
50 accordance with the third illustrated embodiment of the present invention, wherein one 

unitary package dimensioning and identification unit of the present invention Is mounted 
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over a conveyor belt and functions as the master-control unit, while two such units arc 
mounted on the sides thereof and function as slave units, and one such unit is mounted 
along the bottom of the conveyor belt also functioning as a slave unit; 

Fig. ID is a perspective view of an automated six-sided tunnel-type package 
identification and measurement (e.g. dimensioning and weighing) system constructed in 
accordance with the third illustrated embodiment of the present invention, wherein one 
unitary padcage dimensioning and identification unit of the present invention is mounted 
over a conveyor belt and functions as the master-control unit, while two such units are 
mounted on the sides thereof and function as slave units, one such unit is mounted along the 
bottom of the conveyor belt and functions as a slave unit, and two such units mounted along 
the forward and rearward facing directions of the conveyor belt, also functioning as slave 
units to the master unit; 

Fig. 2A is a partially-phantom perspective view of the unitary package identification 
and measurement system of the illustrative embodiment, wherein the holographic scanning 
based bar code symbol reading subsystem, the lascr-bascd package dimensioning subsystem, 
the paclcagc tracking subsystem, the data element handling subsystem and the input/output 
subsystem associated therewith are contained within the its housing; 

Fig. 2B Is a plan view of the unitary package identification and measurement system 
^ of Fig. 2A, showing its three holographic scanning subsystems mounted beneath the scanning 

window of the unitary system; 

Fig. 3 is a schematic block diagram illustrating the subsystem components of the 
automated tunnel-type paclcage identification and measurement system of the first 
illustrative embodiment of the present invention, namely its the LADAR-based package 
imaging, detecting and dimensioning subsystem, package velocity computation subsystem, 
the package-in- tunnel indication subsystem, the pacl<Age-out-of-tunnel subsystem, the 
40 package weighing-in-motion subsystem, the holographic laser scanning subsystems, the data- 

element queuing, handling and processing subsystem, the input/output port multiple^dng 
subsystem, and the conveyor belt subsystem integrated together as shown; 

Fig. 4A1 is a plan view of the triple-disc holographic scanning subsystem mounted 
within the unitary package identification and measurement system of the first illustrative 
embodiment, showing three holographic scanning discs mounted on an optical bench with 
about a 15.0 inches spacing between the axis of rotation of each neighboring holc^raphic 
50 scanning disc, and each holographic scanning disc mounted therein being surrounded by five 

beam folding mirrors, fwe parabolic light collection mirrors, five laser beam production 
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modules, five photodetectors, and five analog and digital signal processing boards mounted 
on the optical bench of the subsystem: 

Fig. 4A2 is a perspective view of one of the laser scanning stations mounted about 
each holographic laser scanning disc in the triple-disc holographic laser scanning subsystem 
shown in Fig. 4A1 , 

Fig. 4A3 is a cross-sectional view of the triple-disc holographic laser scanning 
subsystem shown in Fig. 4A2, taken along line 4A3-4A3 thereof, showing one of its 
holographic scanning discs rotatably supported by its scanning motor mounted on the optical 
bench of the subsystem; 

Fig. 4A4 is a schematic representation of the layout of the volume-transmission type 
holographic optical element (HOEs) mounted between the glass support plates of each 
holographic scanning disc employed within the triple-disc holographic scanning subsystem 
shown in Fig. 4A1 ; 

Fig. 4A5 Is a table setting forth the design parameters used to construct each 
holographic disc within the single-disc holographic scanning subsystem employed in the 
tunnel scanning system of the first illustrative embodiment; 

Figs. 5A through 5C, taken together, set forth a schematic representation showing the 
subcomponents configured together on the analog signal processing boards, decode signal 
processing boards and within the subhousing of one of the (single-disc) holographic laser 
scanning subsystems contained within the unitary package identification and measurement 
system of the present invention; 

Fig. 6A is an elevated view of the home-pulse mark sensing module of the present 
invention deployed about each holographic scanning disc In the unitary package 
identification and measurement system of the first illustrative embodiment of the present 
invention; 

Fig. 6B is a plan view of the home pulse mark sensing module shown in Fig. 6A; 

Figs. 6C1 through 6C2, taken together, provide a schematic diagram of an analog 
signal processing circuit which can be used to implement the home-pulse detector employed 
in the holographic laser scanning subsystems of the first illustrative embodiment of the 
present invention; 

Fig. 7 A is a schematic representation of the 3-D laser scanning volume produced from 
the triple-disc holographic laser scanning subsystem of Fig. 4AI (indicated as "Penta 3"), 
indicating the physical dimensions of the 3-D scanning volume, as well as the minimum bar 
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code clement width resolutions that the subsystem can achieve over three identirted 
subregions within the scanning volume: 

Fig. 7B is a schematic representation of the 3-D laser scanning volume produced from 
a double*disc embodiment of the holographic laser scanning subsystem of Fig. 4A1 (indicated 
as "Penta 2"), indicating the physical dimensions of the 3-D'scanning volume, as well as the 
minimum bar code element width resolutions that the subsystem can achieve over three 
identified subregions within the scanning volume; 

Fig, 7C is a schematic representation of the 3-D laser scanning volume produced from 
a single-disc embodiment of the holographic laser scanning subsystem of Fig. 4A1 (indicated 
as "Pcnta 1"). indicating the physical dimensions of the 3-b scanning volume, as well as the 
minimum bar code element width resolutions that the subsystem can achieve over three 
identified subregions within the scanning volume; 

Fig. 8 is a scanner specification table setting forth operational specincations for the 
holographic laser scanning subsystems shown in Fig^. 7A, 7B and 7C, for the Pcnta 3, PenU 
2 and Pcnta 1 scanners, respectively; 

Fig. 9A is a schematic representation of all the laser scan lines produced by a single 
scanning platform within the laser scanning subsystem of Hg. 4A1, projected into the 
respective focal planes of such laser scan lines; 

Fig. 9B is a schematic representation of all the laser scan lines produced by all three of 
the laser scanning platforms within the holographic laser scanning subsystem of Fig. 4BI, 
projected into the respective focal planes of such laser scan lines; 

Fig. 10 is a schematic represenution of the components on the control board and 
decode processing boards associated vrtth holographic scanning disc employed within the 
unitary package identification and dimensioning system of Fig. 2A, showing the home-pulse 
detector and home-offset pulse (HOP) generator on the control board, and the start-of-facet- 
sector pulse (SOFSP) generator, digitizer drcvuuy, decode signal processor and ROM 
conuining relative timing information about each SOFSP in relation to the HOP sent to the 
decode processing board from the control board of the present invention; 

Fig. I OA is a schematic representation of the start-of-facet-sector pulse (SOFSP) 
generator employed on each decode board associated with a holographic laser scanning 
subsystem in the system of Fig. 2A; 

Fig. lOB is a first table containing parameters and information that are used \^thin 
the SOFP generation module of the SOFSP generator shown in Fig. lOA; 
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g Fig. IOC is a schematic representation of the operation of the swrt-of-facet pulse 

(SOFP) generator employed within each SOFSP generator shown in Fig. lOA, wherein start 
of facet pulses are generated within the SOFP generator relative to the home-offset pulse 
(HOP) received from the HOP generator on the control board associated with each* 
holographic scanning disc; 

Fig. lOD is a second table containing parameters and information that are used 
within the SOFSP generation module of the SOFSP generator shown in Fig. lOA; 

Fig. lOEl and 10E2 set forth a table containing a set of production rules used wthin 

15 

the SOFSP generation module of the SOFSP generator shown in Fig. lOA. to generate start- 
of-facet-sector pulses therewithin; 

Fig. 1 OF is a schematic representation of the operation of the start-of-facet-sector 
20 pulse (SOFSP) generator of the present invention, wherein start of facet sector pulses 

(SOFSPs) are generated within the SOFSP generator relative to the home-offset pulse (HOP) 
received from the HOP generator on the control board associated with each holographic 
scanning disc; 

Figs. 1 lAl and 1 1A2, taken together, set forth a schematic diagram of the digitizing 
circuit shown in Fig. 10, using a pair of dual FIFO memory storage buffers to synchronously 
track digiul scan data and information about the facet-sectors on the optically-enooded 
30 holographic scanning di.sc of Fig. 12 used to generate the laser scanning beam that was used 

to collect such digital scan data from a bar code symbol on a pacloage tran.sported through 
the tunnel scanning subsystem of the first illustrative embodiment of the present invention; 

Figs. UB is a schematic diagram showing in greater detail the digiti^ng circuit shown 
in Fig. 10; 

Figs. 1 ICl , 1 1C2 and 1 ID set forth tables containing parameters and information 
that are used within the decode processor of the present invention shown in Fig. 1 1A2 in 
40 order to recover digital count data from time-based facet-sector related information, and 

generate decoded symbol character data and the minimum and maximum facet sector angles 
that specify the facet sector on a particular holographic scanning disc used to generate the 
laser scanning beam/plane that collects the scan data associated with the decoded bar code 
symbol; 

Fig. 1 1 E is a high level flow chart describing the steps of the process carried out by 
the decode processor of the present invention shovm in Fig. 1 1 A2; 
50 Fig- 12A is a schematic representation of the components on the control board and 

decode processing boards associated with a holographic scanning disc employed within an 
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alternative embodiment of the holographic scanning subsystems in the unitary package 
identification and dimensioning system of the first illustrative embodiment of the present 
invention, showing the home-pulse detector and home-offset pulse (HOP) generator on the 
control board therewithin, and the start-of-facct-sector pulse (SOFSP) generator^ digitizer 
circuitiy, and decode signal processor; 

Fig. 12B is a schematic representation of the start-of- facet-sector pulse (SOFSP) 
generator employed on each decode board associated with the holographic laser scanning 
subsystem schematically depicted in Fig. 12A: 

Figs. 13AI and 13A2 Is a schematic diagram of the digitizing circuit shown in Fig. 
12A using a pair of dual FIFO memory storage buffers to synchronously track: digital scan 
data and information about the facet-sectors on a holographic scanning disc used to generate 
20 the laser scanning beam that was used to collect such digital scan data from a bar code 

symbol on a package transported through the tunnel system of the present invention; 

Fig. i3B is a schematic diagram showing the digitizing circuit of Fig. X3A in greater 

detail; 

Fig. 14A is a flow chart describing the operation of the HOP generator on the control 
boaixl associated with each holographic scanning disc, wherein home offset pulses (HOPs) 
axe automatically generated from the HOP generator aboard thic control board in each 
30 holographic laser scanning subsystem independent of the angular velocity of the holographic 

scanning disc employed therein; 

Fig. I4B is a flow chart describing the operation of the SOFSP generator aboard each 
decode board, wherein start of facet pulses (SOFPs) are automatically generated within the 

35 

SOFP generation module relative to the home-offset pulse (HOP) received by the control 
module in the SOFSP generator independent of the angular velocity of the holographic 
scanning disc of the subsystem, and wherein start of facet sector pulses (SOFSPs) are 
4Q automatically generated within the SOFSP generation module relative to SOFPs generated 

by the SOFP generation module, independent of the angular velocity of the holographic 
scanning disc of the subsystem; 

Fig. 15A is a schematic block diagram of the dual-beam/multi-wavelength LADAR- 
based imaging^ detecting and dimensioning subsystem depicted in Fig. 15, and integrated 
v^thin the housing of the unitary package identification and dimensioning system shown in 
Figs. 1 A and 2A; 

^ Fig. 15A is a schematic representation of a generic dual-beam/multi-wavelength 

LADAR-based imaging* detecting and dimensioning subsystem of the present invention 
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configured in relation to a set of retro-refleaive beam-steering mirrors mounted on opposite 
sides of a conveyor belt, beneath the LADAR-based imaging, deteaing and dimensioning 
subsystem, mounted thereabove; 

Fig. 15B is a schematic representation of a first illusuative embodiment of the dual- 
bcam/multi-wavelength LAOAR-based imaging, detecting and dimensioning subsystem of the 
present invention, having an eight-sided polygonal scanning element, mounted on an optical 
bench within the subsystem housing, for generating a pair of amplitude modulated laser 
beams (from a pair of laser beam produaion modules) which are projected along a pair of 
spaced-apart scanning planes through a light transmission aperture formed in the subsystem 
housing, a light collecting mirror mounted on the optical bench for collecting reflected laser 
light off a scanned object (e.g. package) and focusing the same to a focal point located on the 
^ surface of a stationaiy planar mirror mounted on the optical bench, and an avalanche-type 

photodetector mounted on the optical bench for detecting laser light focused onto the 
stationaiy planar mirror and producing an electrical signal corresponding thereto, signal 
processing circuitry for processing the produced electrical signal and generating raw digital 
range data representative of the distance from the polygonal scanning element to sampled 
points along the scanned object (as well digital scan dau representative of any bar code 
symbol the scanned surface of the object), a programmed digital image data processor for 
30 preprocessing the raw digital range data and removing background information components, 

and for processing the preprocessed range data so as to extract therefrom information 
regarding the dimensions (e.g. area, height, length, width and vertices) of the scanned object 
and produce data representative thereof as well as the velocity of the dimensioned package, 
and a bar code symbol digitizing and decoding circuitry for processing the digital scan data 
signal and producing symbol character data representative of any bar code symbol located on 
the scanned surface of the object; 
40 Fig, 1 5C is a schematic representation of the avalanche photodetector employed 

within the dual-beam/multi-wavclength LADAR-based ima^ng, detecting and dimensioning 
subsystem shown in Fig. 15B; 

Fig. 15D is a schematic representation illustrating that the information specified in 
the polar-type coordinate reference subsystem symbolically embedded within the LADAR- 
based subsystem of Fig. 15B can be converted (or translated) to the Cartesian-type 
coordinate reference system symbolically embedded within the tunnd-type laser scanning 
50 package identification and dimensioning system of Fig. 1 A; 

Fig. 15E1 is a schematic diagram showing an elevated side view of the eight-sided 
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5 polygonal scanning element employed in the polygon-based LADAR-based subsystem of Fig. 

15B, wherein the dimensions of the scanning facets are specified in inches; 

Fig. 15E2 is a schematic diagram showing a plan view of the eight-sided two-angle 
polygonal scanning dement employed In the polygon-based LADAR-based subsystem of Fig. 
1 5B, wherein the dimensions of the scanning facets are specified in Inches; 

Fig. 15E3 is a table specifying the angle at which each refleaive scanning facet on the 
polygon scanning clement of Fig. 15E2 is mounted off the vertical rotational axis thereof, 
showing that the alternating faces of the scanning element are mounted +ot - 3 and 3/4 
degrees to the vertical resulting in an angular seperation of 15 degrees between the first and 
second multi-wavelength laser scanning^ran^ng beams produced from the LADAR-based 
subsystem of Fig. I5B; 

20 pjg 15E4 is a table listing which polygon contribute to the generation of the first and 

second multi-wavelength laser scannln^ranging beams produced from the LADAR-based 
subsystem of Fig. 1 SB; 

Fig. 15F is a schematic diagram of an alternative embodiment of the dual-beam/multi- 
wavelength LADAR-based imaging, detecting and dimensioning subsystem shown in Fig. 
15B, wherein the laser scanning beams are projected through a holographic spatial filter 
causing a plurality of modulated laser beams to be simultaneously projeaed over the 
30 conveyor belt surface at different angular spacings to achieve a desired degree of spatial 

sampling of the conveyor belt surface and objects transported therealong. while a rotating 
eight-sided polygon scanning element is used to created a moving field of view (FOV) across 
the Illuminated conveyor belt; 

Fig. 15G is a schematic representation of a perspective view of a second illustrative 
embodiment of the dual-beam/multi-wavelength LADAR-based imaging, detecting and 
dimensioning subsystem of the present invention, having a holographic scanning disc. 
40 rotatably mounted on an optical bench within the subsystem housing, for generating a pair 

of amplitude modulated laser beams having multi-wavelengths (produced from a pair of laser 
beam production module) and projected along a pair of spaced-apart scanning planes (along 
multiple depths of focus) through a light transmission aperture formed in the subsystem 
housing, a parabolic light collecting mirror mounted beneath the holographic scanning disc 
for collecting reflected laser light off a scanned object (e.g. package) and focusing the same to 
an avalanche-typc photodetector mounted above the scanning disc, and producing an 
SO electrical signal corresponding thereto, signal processing circuitry for processing the produced 

elearical signal and generating raw digital range data represenutive of the distance from the 
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5 polygonal scanning element to sampled points along the scanned object (as well digital scan 

data representative of any bar code symbol the scanned surface of the object), a programmed 
digital image data processor for preprocessing the raw digital range data and removing 
background information components, and for processing the preprocessed range data so as to 
extract therefrom information regarding the dimensions (e.g/area. height, length, width and 
vertices) of the scanned object and produce data representative thereof as well as the velocity 
of the dimensioned package, and a bar code symbol digitizing and decoding circuitry for 
processing the digital scan data signal and producing symbol character data representative of 
any bar code symbol located on the scanned surface of the object; 

Fig. 15H is a schematic representation of side view of the second illustrative 
embodiment of the dual-beam/multi-wavelength LADAR-based imaging, detecting and 
dimensioning subsystem shown in Fig, 1 5H; 

Fig. 151 is a schematic represenUtion of the holographic scanning disc employed in 
the dual-beanVmultl-wavelengih LADAR-based imaging, detecting and dimensioning 
subsystem shown in Figs. 15G and 15H; 

25 

Figs. 15 J 1 and 15J2. taken together, show a table setting forth the design parameters 
used to construct the holographic scanning disc employed in the dual-beam/multi-wavelength 
LADAR-based subsystem of the second illustrative embodiment; 
30 Fig- 15K is a table listing the facets which produce laser scanning beams Nos. I and 2 

from the dual-beam/multi-wavelength LADAR-based subsystem shown in Figs. 15G and 
15H; 

Fig. 16 is a schematic representation of the unitary package identification and 
dimensioning system of the present invention shown in Fig. 2A, wherein any dual- 
beam/multi-wavelength LADAR-based subsystem shown in Figs. 15 through 15K can be 
modified so that the pair of laser scanning beams generated therefrom are projected 
40 perpendicular to the surface of the conveyor belt along the entire length thereof, using a 

cylindrical-type focusing element (i.e. cylindrical holographic optical element HOE) as shown 
in Figs. 16Dand 16E; 

Fig. 16A is an elevated cross-sectional schematic view of the dual-beam/multi- 
wavelength LADAR-based subsystem of Figs. 15G and 15H modified to indudc cither the 
cylindrical lens shown in Fig. i6D or 16£, extending along substantially the entire length of 
the scanning window of the subsystem, in order to simultaneously project pairs of multi- 
50 wavelength laser scanning beams substantially perpendicular to the surface of the conveyor 

belt; 
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Fig. 1 6B is an elevated end schematic view of the dual-beam/multi-wavelength 
LADAR-based subsystem of Fig. 1 6, showing that the cylindrical -type focusing element (i.e. 
cylindrical holographic optical element HOE) extends along subsuntlally the entire length of 
the scanning window of the subsystem, in order to simultaneously project pairs of multi- 
wavelength laser scanning beams substantially perpendicular to the surface of the conveyor 
belt; 

Fig. 1 6C is an elevated cross-sectional schematic view of the dual-beanVmulti- 
wavelength LADAR-based subsystem of Figs. 15G modified to include either the cylindrical 
lens shown in Fig. 16D or 16£, extending along substantially the entire length of the 
scanning window of the subsystem. In order to simultaneously project pairs of multi- 
wavelength laser scanning beams subsuntially perpendicular to the surface of the conveyor 
belt; 

Fig. 16D is a schematic representation of a holographic embodiment of the 
cylindrical-type lens element which can be employed within the dual-beam/multi-wavelength 
LADAR-based subsystem of Fig. 16 in order to simultaneously project pairs of multi- 
wavelength laser scanning beams substantially perpendicular to the surface of the conveyor 
belt; 

Fig. 16E is a schenuitic representation of a refractive embodiment of the cylindrical- 
type lens element which can be employed within the dual-beam/multi-wavelength LADAR- 
based subsystem of Fig. 16 In order to simultaneously project pairs of multi-wavelength laser 
scanning beams substantially perpendicular to the surface of the conveyor belt; 

Fig. 1 7 Is a high-level flow chart indicating the major stages of 2-0 range data 
processing method carried out within the package height/width/length dimensioning 
subsystem integrated within the LADAR-based package imaging, detection and dimensioning 
subsystem shown in Fig. 3; 

Fig. 1 8 is a schematic representation of the various steps involved in cyclically 
carrying out the 2-D range data processing method upon the computing platform of the 
LADAR-based imaging, detecting and dimensioning subsystem of the present invention; 

Fig. 19 is a flow chart of an algorithmic control structure for the computation of local 
operators in the LADAR-based subsystem of the present invention; 

Figs. 20A through 20D. taken together, set forth a flow chart describing the steps of 
involved in the range data processing method carried out in the LADAR-based imaging, 
detecting and dimensioning subsystem of the illustrative embodiment, when using range data 

23 



J..0a0^36:S «:0&030S 





WO0(W75856 



PCT/USOO/15624 



iO 



IS 



20 



25 



30 



35 



40 



45 



50 



collected by only of the laser scanning beams produced by the subsystem so to compute (i) 



by either an external velocity sensor, or the image-proccssing'bascd method of velocity 
computation illustrated in Figs. 30 through 32B); 

Fig. 21 A is a graphical image of a 2-D range data map synthesized from a large 
number of rows of raw range data captured from the LADAR-based imaging, detecting and 
dimensioning subsystem of the present invention, in accordance with the dau capturing 
operations specified in Step Al of the flow chart set forth in Figs. 20Athrough 20D; 

Fig. 216 is a graphical image of a 2*D range data map after being processed by the 
data processing operations spedfied in Step A2 of the flow chart set forth in Fig^. 20A 
through 20D; 

Fig. 21C is a graphical image of a 2-D range data map after being processed by the 
data processing operations specified in Step A3 of the How chart set forth in Figs. 20A 
through 20D; 

Fig. 2 ID is a graphical image of a 2>D range data map synthesized from a large 
number of rows of background data removed from rows of raw range data by the data 
processing operations specified in Step A4 of the flow chart set forth in Figs. 20A through 
20D; 

Fig. 2 IE is a graphical image of a differentiated 2-D range data map from which 
background data, indicated in Fig. 2 ID, Is subtracted during being processed by the <iata 
processing operations specified in Steps Bl, B2 and B3 of the flowchart set forth in Figs. 
20A through 20D; 

Fig. 22 is a flow chart describing the process of retrieving rows of range data, already 
preprocessed using smoothing and edge-detection techniques, and computes the first vertical 
derivative and stores the results in an imag^ structure for further processing, such as contour 
tracing, etc.; 

Fig. 22A is a flow chart describing the steps carried out by the contour tracing 
program employed in the LADAR-based imaging, detecting and dimensioning subsystem of 
the present invention; 

Fig. 23 is a flow chart describing the operations carried out during Step B6 and B7 of 
the flow chart set forth in Figs. 20A through 20D; 



the height, width and length dimensions of scanned packages, as well as (ii) the coordinates 
for the vertices of such packages relative to the local (polar) coordinate reference system 
symbolically embedded within the subsystem (using package velocity information provided 
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Fig. 24 is a flow chart describing the operations carried out during Steps B6 and B7 of 
the flow chart set forth in Figs. 20A through 20D; 

Fig. 25 is a flow chart describing the operations carried out during Step BiO of the 
flow chart set forth in Figs. 20A through 20D; 

Figs. 26A through 26D set forth polygonal contours of the type traced during Step 
B9, having corner points which are reduced using the algorithm set forth in Fig. 25; 

Fig. 27 is a schematic represenution of the LADAR-based subsystem of the present 
15 invention, illustrating the geometrical transformation between the polar coordinate reference 

system embedded therewithin and the height of a package scanned thereby defined relative 
to the Cartesian coordinate reference system symbolically embedded within the unitary 
package identification and dimensioning system of the present Invention; 

Fig. 28 is a flow chart describing the surface computation operations carried out 
during Step Bl 3 of the flow chart set forth in Figs. 20A through 20D: 

Figs. 29A and 29B are polygonal contours which illustrative the method of package 
2^ surface area computation carried out during Step Bl 3 of the flow chart set forth in Fig^. 20A 

through 20D 

Fig. 30» taken together with certain steps indicated in Figs. 20A through 20D» sets 
forth a flow chart describing the steps of involved in the range data processing method 
carried out in the LADAR-based imaging, detecting and dimensioning subsystem of the 
illustrative embodiment when using range data collected by both of the laser scanning beams 
produced by the subsystem so to compute (i) the height, width and length dimensions of 
scanned packages, as well as (ii) the coordinates for the vertices of such packages relative to 
the local (polar) coordinate reference system symbolically embedded within the subsystem 
(using package velocity information computed by the image-processing based method 
illustrated in Figs, 30 through 32B); 
^ Fig. 3 1 is a flow chart illustrating the steps Involved in carrying out the velodty 

computation stage set forth at Blodc CC in Fig. 30; 

Fig. 32 is a schematic representation specifying particular geometric parameters used 
in the computation of package velocity according to the dual laser scanning beam method 

45 

illustrated in Fig. 31; 

Fig. 33 is a schematic representation specifying particular geometric parameters used 
in the compuution of package velocity according to the dual laser scarmlng beam method 
SO illustrated in Fig. 31: 
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Fig. 33A is a schematic representation of the package-in-the-tunnel (PITT) indication 
subsystem shown in Fig. 3 realized using any of the LADAR-based imaging, detecting and 
dimensioning subsystems depicted in Figs. 15 through 15K» wherein the extreme portion of 
one of the amplitude modulated (AM) laser scanning beams produced by the LADAR-based 
imaging, detecting and dimensioning subsystem is used to generate an object sensing beam is 
reflected across the width of the conveyor belt of the system, is reflected off a mirror on the 
opposite side of the conveyor belt» and is detected at a prespecified "time window" and 
15 processed in effort to detect the presence or absence of paclcages being transported along the 

conveyor belt, for use in conflrmin^alidating the package dimension data generated by the 
package heigh tAvidth/length profiling subsystem shown in Fig. 3; 

Fig. 33B is a schematic representation of the package-in-the-tunnel (PITT) indication 
^ subsystem shown in Fig. 3 realized using any of the LADAR-based imaging, detecting and 

dimensioning subsystems depicted in Figs. 1 6 through 15K, wherein the extreme portion of 
one of the amplitude modulated (AM) laser scanning beams produced by the LADAR-based 
25 imaging, detecting and dimensioning subsystem Is used to generate an object sensing beam is 

reflected across the width of the conveyor belt of the system, is reflected off a mirror on the 
opposite side of the conveyor belt, and is detected at a prespecified "time window" and 
processed in effort to detect the presence or absence of packages being transported along the 
^ conveyor belt, for use in confirming^validating the package dimension data generated by the 

package height/width/lcngth profiling subsystem shown in Fig. 3; 

Fig. 34 is a high-level flow chart illustrating the steps involved in carrying out a 
generalized method of package (i.e. object) deteaion along a conveyor belt using a portion of 
the amplitude-modulated laser scanning beam generated by the LADAR-based imaging, 
detecting, and dimensioning subsystem of the present invention; 

Fig. 35A is a schematic represenution showing the time versus intensity 
40 characteristics of the object sensing signal generated by reflecting the extreme portion of the 

laser scanning beam from the LADAR-based system, across the conveyor belt of the system 
to a partially-absorptive mirror element, back across the conveyor belt and back towards the 
LADAR-based subsystem for detection and analog signal processing during a prespecified 
time window referenced against a gate or "start-of-object-sensing cycle" pulse signal generated 
aboard the LADAR-based subsystem illustrated in Fig. 35A, and having a time duration (i.e. 
time window) of about 100 nUlIiseconds, as illustrated in Fig. 35B; 
50 Fig. 35B is a schematic representation showing the time versus intensity 

characteristics of the gate or "start-of-object-sensing cycle" pulse signal generated aboard the 
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LADAR-based subsystem when the laser scanning beam is detected by a photosensor located 
at the extreme end of the scanning window, as shown in Figs. 15B and ISG, and 16A and 



Fig. 35C is a schematic representation showing the time versus intensity 
characteristics of the time duration or time window over which object sensing signal 
detection and processing occurs, referenced to the "start-of-object-sensing cycle" pulse signal 
illustrated in Fig. 35B: 

Fig. 36A is a digital representation of an exemplaiy object sensing signal which has 
been derived from a selected portion of the AM laser scanning beam generated by the 
LADAR-based subsystem of the present invention, and a time-windowed portion of which is 
digitatty processed by a FIR-type digital filter so as to compute a first derivative signal thereof 
which is then compared against threshold values to determine whether or not a package is 
present or absent from the conveyor belt over the time period (i.e. time window) of interest, 
as required by the package-in-the-tunnel (PITT) indication subsystem shown in Fig. 3, as 
well as the paclcage height, width and length profiling subsystem of Fig. 3; 

Fig. 36B is a schematic representation the weights (i.e. coefficients) of the FIR-type 
digital filter used in the software-based programming implementation of the package-in-the- 
tunnel (PITT) Indication subsystem shown in Fig. 3; 

Fig. 36C is a digital representation of the output of the FIR digital filter employed in 
the software-based programming implementation of the package-in-the-tunnel (PITT) 
indication subsystem of Fig. 3, illustrated in Figs. 36A and 36B; 

Fig. 37 is a hard-ware implementation of the PITT indication subsystem shown in Fig. 
3, based on object sensing techniques involving the use of a selected portion of the AM laser 
scanning beam produced by the LADAR-based imaging, detecting and dimensioning 
subsystem of Fig. 3, shown comprising a start-of-ob|ect-sensing cycle (SOSC) pulse 
generation circuit, a LADAR-based photo-detection circuit, an analog object detection circuit, 
controller circuit with object detection window signal generation capabilities (e.g. realizable 
using an field programmable gate array (FPGA) device; 

Fig. 38 is an analog circuit implementation of the analog object detection circuit 
shown in Fig. 37, which performs a first derivative function on the analog intensity varying 
object sensing signal over a prespedfied/controlled time period (i.e. time-wdndow), and 
thresholds the first derivative signal to determine whether or not an package is present or 
absent from the conveyor belt over the time-window and generates a digital output signal to 
indicate the state of such determinations; 
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Fig. 39 is a schematic representation of the digital circuit used to realize the controUer 
circuit with object detection window signal generation capabilities shown in Fig. 37; 

Figs. 40A and 40B taken together provide a schematic representation of the data 
element queuing, handling and processing subsystem of the present invention shown in Fig. 
3; 

Figs. 41 A and 41 B set forth a table of rules used to handle the data elements stored in 
the system event queue in the data element queuing, handling and processing subsystem of 
^5 Figs. 40A and 40B; 

Fig. 42 is a schematic representation of the surface geometry model created for each 
package surface by the package surface geometry modeling subsystem (i.e. module) deployed 
with the data element queuing, handling and processing subsystem of Figs. 40A and 40B, 
illustrating and shovring how each surface of each package (transported through package 
dimensioning/measuring subsystem and package velocity/length measurement subsystem) is 
mathematically represented (i.e. modeled) using at least three position vectors (referenced to 
x=0, y=0, z=0) in the global reference frame Rgtobai* and a normal vector drawn to the 
package surface indicating the direction of incident light reflection therefrom; 

Fig. 43 is a table setting forth a preferred procedure for creating a vector-based 
surface model for each surface of each package uansportcd throu^ the package 
^0 dimensioning/measuring subsystem and package velocity/length measurement subsystem of 

the system hereof; 

Figs. 44A1 through 44A2 is schematic representation of a diffraction-based geometric 
optics model, created by the scan beam geometry modeling subsystem (i.e. module) of Figs. 
40A and 40B, for the propagation of the laser scanning beam (ray) emanating from a 
particular point on the facet, towards its point of reflection on the corresponding beam 
folding mirror, towards to the focal plane determined by the focal length of the facet, created 
40 within the scan beam geometry modeling module shown in Figs. 40A and 40B; 

Figs. 44B1 through 44B3 set forth a table of parameters used to construct the 
diffraction-based geometric optics model of the scanning facet and laser scanning beam 
shown in Figs. 44A1 and 44A2 ; 

Figs. 44C1 and 44C2, taken together, set forth a table of parameters used in the 
spreadsheet design of the holographic laser scanning subsystems of the present invention, as 
well as in real-time generation of geometrical models for laser scanning beams using 3-D ray- 
50 tracing techniques; 
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g Fig. 44D is a schematic representation of the laser scanning disc shown in Figs. 44A1 

and 44A2» labeled with particular parameters associated with the diffraction-based geometric 
optics model thereof; 

Fig. 45 is a table setting forth a preferred procedure for creating a vector-based ray 
model for laser scanning beams which have been produced by a holographic laser scanning 
subsystem of the system hereof, that may have collected the scan dau associated with a 
decoded bar code symbol read thereby within the tunnel scanning subsystem; 

Fig. 46 is a schematic represenution graphically illustrating how a vector-based model 
created within a local scanner coordinate referer^ce frame Rioaitcumct) can be converted into a 
corresponding vector-based model created vsnthin the global scanner coordinate reference 
frame R^iobai using homogeneous transformations; 

Fig. 47 Is a sdiematic representation graphically illustrating how a vector-based 
package surface model created within the global coordinate reference frame R„eM at the 
"package height/vwdth profiling position" can be converted into a corresponding vector-based 
package surface model created within the global scanner coordinate reference frame at 
the "scanning position" within the tunnel using homogeneous transformations, and how the 
package travel distance (d) between the package height/width profiling and scanning 
positions is computed using the padcage velocity (v) and the difference in time indicated by 
30 the time stamps placed on the package data element and scan beam data element matched 

thereto during each scan beanr>/package surface intersection determination carried out within 
the data element queuing, handling and processing subsystem of Figs. 40A and 40B; 

Figs. 48A and 48B, taken together, provide a procedure for determining whether the 
scan beam (rays) associated with a particular scan beam data element produced by a 
holographic scanning subsystem intersects with any surface on the package that has been 
scanned at a particular scanning position, and thus whether to correlate a particular package 
40 identification data element with particular package measurement data element acquired by 

the system; 

Fig. 49 is a perspecOve view of an automated tunnel-type laser scaniung package 
identification and weighing system constructed in accordance with the second illustrated 
embodiment of the present invention, wherein packages, arranged in a non-singulated or 
singulated configuration, are transported along a high speed conveyor belt, dimensioned by 
the LADAR-based imaging, detecting and dimensioning subsystem of the present invention, 
50 weighed by a weighing scale, and identified by an automatic bar code symbol reading system 

employing a 1-D (i.e. linear) CCD-based scanning array below which a light focusing lens is 
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mounted for imaging bar coded packages transported therebeneath and decode processing to 
read such bar code symbols in a fiilly automated manner without human intervention; 

Fig. 50 is a schematic bloclc diagram illustrating the subsystem components of the 
automated tunnet-type package identification and measurement system of Fig. 49, namely its 
LADAR-bascd package imaging, detecting and dimensioning 'subsystem, package velocity 
computation subsystem, the package-in-tunnel indication subsystem, the package-out-of- 
tunncl subsystem, the package weigh ing-in- motion subsystem, the 1-D (i.e. linear) CCD- 
based bar code symbol reading subsystem, the data-element queuing, handling and 
processing subsystem, the input/output port multiplodng subsystem, and the conveyor belt 
subsystem integrated together as shown; 

Fig. 51 Is a schematic representation showing the relative spatial relation between the 
^ global coordinate reference system symbolically embedded within the unitary package 

identification system, the local coordinate reference system Ru>ip symbolically embedded 
within the package imaging, detecting and dimensioning subsystem, the local coordinate 
reference system Rcco symbolically embedded within the ID CCD array within the bar code 
symbol reading system; 

Fig. 52 is a schematic represenution illustrating the all coordinates referenced with 
respect to one of the local coordinate systems depicted in Fig. 5 1 are converted to the global 
30 coordinate reference system using homogeneous transformations; 

Hg. 53 is a persp>ective vievv of an automated tunnel-type laser scanning package 
identification and weighing system constructed in accordance with the third illustrated 
embodiment of the present invention, wherein packages, arranged in a non-slngulated 
singulated conHguration. arc transported along a high speed conveyor belt, dimensioned by 
the LADAR-based package imaging, detecting and dimensioning subsystem, weighed by the 
in-weighing subsystem, imaged by a low-resolution CCD catncra to locate the x,y position of 
40 labels on scanned packages, and identified by an automatic bar code symbol reading system 

compri^ng a stationarily-mounted light focusing lens mounted below a vertically-translatable 
2-D CCD-based high- resolution scanning array controlled by package height information 
obtained from the LADAR-bascd package imaging, detecting and dimensioning subsystem, a 
pair of orthogonally- mounted field-of-view (FOV) stcerable mirrors mounted beneath the 2- 
D CCD-based scanning array and controlled by the x,y coordinates collected by the low- 
resolution CCD camera, so as to scan detected package labels, collect high-resolution scan 
50 data therefrom, and decode processing the same so as to read bar code symbols within the 

detected package label in a fully automated manner without human intervention; 
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Fig. 54 is a is a schematic block diagram illusunating the subsystem components of the 
automated tunnel-type package identification and measurement system of Fig. 50, namely its 
LADAR-based package imaging, detecting and dimensioning subsystem, package velocity 
computation subsystem, the package-in- tunnel indication subsystem, the package-out-^f- 
tunnel subsystem, the package weighing-in-motion subsystem, the 2-D steerable CCD-based 
barcode symbol reading subsystem, the dau-element queuing, handling and processing 
subsystem, the input/output port multiplexing subsystem, and the conveyor belt subsystem 

integrated together as shown; 

Fig. 55 is a schematic representation showing the relative spatial 
relation between the global coordinate reference system R^iohai 
symbolically embedded within the unitary package identification system, 
the local coordinate reference system Rldip symbolically embedded 
within the package imaging, detecting and dimensioning subsystem, the 
local coordinate reference system Rlrccd symbolically embedded within 
the low-resolution 2D CCD scanning array (i.e. camera) within the bar 
code symbol reading system, and the local coordinate reference system 
Rhrccd symbolically embedded within the high-resolution 2D CCD 
scanning array (i.e. camera) within the bar code symbol reading system; 
and 

Fig. 56 is a schematic representation illustrating the all coordinates 
referenced with respect to one of the local coordinate systems depicted in 
Fig. 56 are converted to the global coordinate reference system using 
homogeneous transformations. 

DETAILED DESCRIPTION OF THE ILLUSTRATIVE 
EMBODIMENTS OF THE PRESENT INVENTION 

Referring to the figuics in the accompanying Dravnngs, the preferred embodiments of 
the automated package identification and measurement system of the present invention will 
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be described in great detail, wherein like elements will be indicated using like reference 
numerals. 

Automated Tunnel-Tvoe Laser Scanning Package Identification And Measurement System 
Qf The First Illustrative Embodiment Of The Present Invention 

In Fig. 1 A, there is shown an automated tunnel-type laser scanning package 
identification and measuring (e.g. dimensioning and weighing) system employing the unitary 
package identification and dimensioning system (i.e. unit) of the present invention which is 
shown in greater detail in Figs. 2A through 48B. Three such unitary systems are configured 
together about a conveyor belt subsystem as shown in Fig. IB to provide a 3-sided package 
identification and dimensioning solution, whereas four such unitary units are configured 
together to provide a 4-sided identification and dimensioning solution. In Fig. I D. six or 
more such units are configured together about a conveyor belt system to provide a 6-sided 
identification and dimensioning solution, as required by the needs of demanding customers, 
such as the United States Postal Servic*e (USPS), which requires **hands-firee- barcode (or 
code symbol) scanning of at least six-sided packages, wherein the label containing the code 
symbol to be read could be positioned in any orientation on any one of the six or more sides 
of the box or container structure. As used hereinafter, the term "hands-free" shall mean 
scanning of bar codes on boxes or parcels that are uavelling past the scaxmers in only one 
direction on some sort of conveyor system. As will be described in greater detail, each of 
these resulting systems can include peripheral subsystems such as for example, radio- 
frequency (RD) identification tag subsystems, package weighing subsystems, and the like to 
address the needs of particular customers. 

As shown in Fig. 3, the automated tunnel-based package identification and 
dimensioning system of the present invention, illustrated in Figs. 1 A through 4E). is 
indicated by reference numeral 1 and comprises an integration of subsystems, namely: a 
high-speed package conveyor system 300 having a conveyor belt 300 having a width of at 
least 48 Inches to support one or more package transport lanes along the conveyor belt; a 
tunnel scanning subsystem 100 including one or more bar code symbol reading subsystems 
(indicated as 101 through 1 1 7) supported overhead and below the conveyor belt by a 
support frame 150 so as to produce a 3-D omnidirectional scanning volume above the 
conveyor belt, for scanning bar codes on packages transported therethrough independent of 
the package or bar code orientation; a LADAR-based imaging, detecting and dimensioning 
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subsystem capable of collecting range data from objects on the conveyor belt using a pair 

of multi-wavelength (i.e. containing visible and IR spectral components) laser scanning 
beams projected at different angular spacing as shown in Fig. 32. and within which are 
integrated a package velocity measurement subsystem 400 for measuring the velocity of 
transported packages by analyzing range data maps by the different scanning beams, a 
package-in-the-tunnel indication subsystem 500 for automatically detecting the presence of 
each paclcage moving into the scanning tunnel by reflecting a portion of one of the laser 
scanning beams across the width of the conveyor belt in a retroreflective manner and then 
analyzing the return signal using first derivative and thresholding techniques; a package (x-y) 
heigh tAvidth/length dimensioning (or profiling) subsystem 600 for producing x,y,y profile 
data of detected packages, and a package-out-of-thc-tunnel indication subsystem 700 realized 
using predictive techniques based on the output of the PITT subsystem 500, for 
automatically detecting the presence of packages moving out of the scanning tunnel; a 
weighing-in-motion subsystem 900 for weighing packages as they are transported along the 
2g conveyor belt; an input/output subsystem 800 for managing the injjuts to and output from 

the unitary system shown in Figs. 2A and 2B; and a data management computer 900 with a 
graphical user interface (GUI) 901. for realizing a data element queuing, handling and 
processing subsystem 1000 as shown in Figs. 40A and 40B. as well as other data and system 
30 management functions. 

Laser Scanning Tunnel Subsystem Of First Illustrative Embodiment Of The Present 
Invention 

35 

For purposes of discussion below, the system embodiment shown in Fi^. 1 D will be 
considered, as this system in principle is capable of more robust performance than the 
systems shown in Figs. XA and IB. The other systems are subset of this more robust system. 
40 As shown in Figs. ID, the tunnel scanning system of the first illustrative embodiment 

1 comprises an arrangement of laser scanning subsystems (i.e. scanners) which^ by virtue of 
their placement, relative to the conveyor belt subsystem 300, essentially form a "tunnel** 
scanning subsystem over and about the conveyor belt of the conveyor subsystem 300. In the 
field of package sortation of any sort, whether it be mail, luggage (as in an airport terminal) 
or other items or boxes, this type of code symbol scanning system is known as a ''tunnel 
scanning system** by those skilled in the art. 
SO The tunnel scanning system of the first illustrative embodiment can be designed and 

constructed to meet any specific set of customer-defined scanning parameters. For example, 
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in the first illustralive embodiment, the bar code label can be on any one side of a box having 
six or more sides. The bar code label could be in any orientation. Futhermore, the object 
bearing the bar code label to be read would be moving past the scanners of the conveyor belt 
travelling at speeds in excess of 600 feet per second. In the illustrative embodiment, the 
conveyor belts 302A and 302B are moving at 520 feet per second but many move faster in 
other embodiments. The typyes of codes to be read to include such codes as Code 39, Code 
128 and others. The aspect ratio of the bar codes to be read is on the order of 10 mils and 
up. 

The tunnel scanning system of the present invention can be used in various types of 
applications, such as for example, where the bar codes are read to determine (a) 
identification of incoming packages, (b) Identification of outgoing packages, and (c) sortation 
of outgoing packages. For sortation types of applications, the information derived from the 
bar code will be used not only to identify the package, but also to direct the package along a 
particular path using deflectors, routers and other instruments well known in the package 
and parcel handling art. 

In the first illustrative embodiment shown in Fig. ID. the volume to be scanned 
within the tunneling subsystem (e.g. its 3-D scanning volume) is approximately: 48 inches 
wide (i.e. the width of the conveyor belt); ten feet long; and 1 meter tall (i.e. the height of 
the tallest possible box going through). The laser scanning pattern produced by the 
concerted operation of the holographic laser scanning subsystems identified in the drawings, 
and described above, fills this entire 3-D scanning volume with over 400,000 scan lines per 
second. The 3-D scanning volume of the tunnel scanning system, measured with respect to 
the surface of the conveyor belt, begins at the surface of the conveyor belt in order to scan 
flat items (such as envelopes), and extends up approximately I meter ("h) above the surface 
of the conveyor belt subsystem. 

The various omnidirectional and orthogonal scanning directions provided for within 
the 3-D scanning volume of the ttmnel-scanning system of the present invention are 
schemaUcally illustrated in Figs. 5A through 9B of Applicant's International Application No. 
WO 99/494 11. These illustrations indicate how each of the laser scanning subsystems 
within the tunnel scanning system contribute to produce the truly omnidirectional scanning 
performance attained by the tunnel scanner hereof. 

Omni-Directional Holographic Laser Scanning Subsystem of the Present Invention 
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In the first illustrative embodiments shown in Figs. lA through ID, each of the 
unitary package identification and dimensioning systems employ tripie^disc holographic 
scanning subsystem which» as shown in Fig. 4AI . comprises three laser scanning platforms 
installed within a scanner housing 140. Each laser scanning platform, shown in greater detail 
in Fig. 4A2 produces a 3-D laser scanning volume as shown in Fig. 9C to produce Penta 1 
Scanner. Each 3-D scanning volume contains a omnidirectional laser scanning pattern having 
four over-lapping focal zones which arc formed by five laser scanning sutions indicated as 
LSI, LS2. LS3, LS4 and LS5 in Fig. 4A1. arranged about a sixteen-facet holographic 
scanning disc 130. When combining a pair of such scanning platforms, a Penta 2 Scanner is 
produced that is capable of producing a double-sized scanning volume as shown in Fig. 9B. 
When combining three such scanning platforms, a Penta 3 Scanner is produced that is 
^ capable of producing a triple-sized scanning volume as shown in Fig. 9A. The .scan pattern 

and scan speeds for such alternative embodiments of this omni-direcUonal scanning 
subsystem of the present invention is shown in the specification table set forth in Fig. 8. 

Tn general, each holographic laser scanning subsystem within these triple-disc scanners 
can be designed and constructed using the methods detailed in Applicant's copending 
Application Serial Nos. 08/949,915 filed October 14, 1997; 08/854.832 filed May 12, 1997; 
08^86.806 filed April 22, 1997; 08/726,522 filed October 7, 1996; and 08/573,949 filed 
30 December 18, 1995, each incorporated herein by reference. The design parameters for each 

sixteen facet holographic scanning disc shown in Fig. 4A4. and the supporting subsystem 
used therewith, are set forth in the Table of Fig. 4A5. The design parameters set forth in the 
table of Figs. 4A5 are defined in detail in the above-referenced US Patent Applications. The 
scanning pattern projected within the middle (third) focal plane of the holographic scanning 
subsystem by one of its scanning platforms is shown in Fig. 9A- The composite scanning 
pattern projected within the middle (third) focal/scanning plane of the triple-disc 
40 holographic scanning subsystem of Fig. 4A1 is shown in Fig. 9B. 

As shown in the system diagram of Rgs. 5A through 5C, eadi ho1<)graphic laser 
scantung unit of the present invention 101 through 108 comprises a number of system 
componenLs, many of which are realized on a control board 200, a plurality (e.g. six) analog 
signal processing boards 201A-201-F, and six digital signal processing boards 202A-202F. 

M described in WIPO Patent Application Publication No. WO 98/22945, each 
holographic laser scanning unit 101 through 108 employed herein cyclically generates from 
SO its compact scanner housing 140 shown In Fig. 4A1, a complex three-dimensional laser 

scanning pattern within a well defined 3-D scanning volume which will be described in 
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^ greater deuil hereinbelow. In the system of the first illustrative embodiment, each such laser 

scanning pattern is generated by a rotating holographic scanning disc 130, about which are 
mounted five (5) independent laser scanning sutions, sometime referred to as laser scanning 
modules by Applicants. In Fig. 4AI. these laser scanning stations are indicated by LSI, LS2, 
LS3, LS4 and LS5. 

In Fig. 4A2, one of the laser scanning stations in the holographic scanner is shown in 
greater detail. For illustration purposes, all subcomponents associated therewith shall be 
referenced with the character "A**, whereas the subcomponents associated with the other four 

15 

laser scanning stations shall be referenced tising the characters B through E. As illustrated in 
Fig. 4A2. the beam folding mirror 142A assodated with each laser scanning station, has a 
substantially planar reflective surface and is tangentially mounted adjacent to the 
20 holographic scanning disc 130. In the illustrative embodiment,* beam folding mirror 142A Is 

supported in this position relative to the housing base (I.e. the optical bench) 143 using 
support legs 1 15A and I45A and rear support bracket 146. 

As shown in Fig. 4A2, the laser beam production module 147 associated with each 
laser scanning station is mounted on the optical bench (i.e. housing base plate 143). 
immediately beneath its associated beam folding mirror 142A Depending on which 
embodiment of the laser beam production module is employed in the construction of the 
30 holographic laser scanner* the position of the laser beam pnxiuction module may be 

different. 

As shown in Figs. 4A1, five laser production modules 142A throug)i 142E are 
mounted on base plate 143, substantially but iK>t exactly symmetrically about the axis of 
rotation of the shaft of electric motor 150. During laser scanning operations, these laser 
beam production modules produce six independent laser beams which are directed through 
the edge of the holographic disc 130 at an angle of incidence A, which, owing to the 
40 symmetry of the laser scanning pattern of the illustrative embodiment, is the same for each 

laser scanning station (i.e. A|=43,0 degrees for all values of i). The incident laser beams 
produced from the six laser beam production modules 142A through 142E e3aend along the 
five central reference planes, each extending normal to the plane of base plate 143 and 
arranged about 72 degrees apart horn its adjacent neighboring central planes, as best 
illusuated in Fig. 4A2. While these central reference planes are not real (i.e. are merely 
virtual), they are useful in describing the geometrical structure of each laser scanning station 
SO in the holographic laser scanner of the present invention. 



35 



45 



36 



55 



j.ooQgi3;6s «,aso3os 



10 



wo 00/75856 PCT/USOO/15624 

Publication No. WO 98/22945, careful analysis must be accorded to the light, diffraai on 
efficiency of the holographic facets on the scanning disc and to the polarization state(s) of 
collected and focused light rays being transmitted therethrough for detection. As will 
become more apparent hereinafter, the purpose of such light diffraction efficiency analysis 
ensures the realization of two important conditions, namely: (i) that substantially all of the 
incoming light rays reflected off an object (e.g. bar code symbol) and passing through the 
holographic facet (produdng the corresponding instant scanning beam) are collected by the 
^5 parabolic light collecting mirror; and (il) that all of the light rays collected by the parabolic 

light collecting mirror are focused through the same holographic facet onto the photodctcctor 
associated with the station, with minimal loss associated with light diffraction and refractive 
scattering within the holographic facet. A detailed procedure is described in WIPO Patent 
^ Application Publication No. WO 98/22945 for designing and installing the parabolic light 

collecting minor in order to satisfy the critical operating conditions above. 

In the first illustrative embodiment of the package identification and processing 
2^ system, the five digital scan data signal processing boards 202A through 202E are arranged in 

such a manner to receive and provide for processing the analog scan data signals produced 
from, analog scan data signal processing boards 201A through 201 E, respectively. As best 
shown in Figs. 4A2 and 4A3, each digital scan data signal processing board is mounted 
^ vertically behind its respective beam folding mirror. A control board (i.e. motherboard) 200 

is also mounted upon the base plate 143 for processing signals produced from the digital scan 
data signal processing boards. A conventional power supply board 155 is also mounted upon 
the base plate 143, within one of its extreme comers. The function of the distal scan daU 
signal processing boards, the central processing board, and the power supply board will be 
described in greater detail in connection with the functional system diagram of Figs. 5A 
through 5C. As shown, electrical cables are used to conduct electrical signals from each 
^ analog scan data signal processing board to its associated digital scan data signal processing 

board, and from each digital scan data signal processing board to the central processing 
board. RegulaUd power supply voltages are provided to the central signal processing board 
200 by way of an electrical harness (not shown), for distribution to the various electrical and 
electro-optical devices requiring electrical power within the holographic laser scanner. In a 
conventional manner, electrical power from a standard 120 Volt, 60 HZ, power supply is 
provided to the power supply board by way of flexible electrical wiring (not shown). Symbol 
50 character daU produced from the central processing board 200 Is transmitted to the I/O 
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subsystem 800, over a serial data transmission cable connected to a serial output (I.e. 
standard RS232) communications jack Instalied through a wall in the scanner housing 1 40. 

Many of the system components comprising each of the holographic laser scanning 
units 101 through 108 are realized on control board 200, the plurality (e.g. five) analog 
signal processing boards 201 A through 201 E, and the six digital signal processing boards 
202A through 202£. 

In the illustrative embodiment shown in Fig. 5A, each analog scan data signal 
processing board 201 A through 201 E has the following components mounted thereon: and 
photodetector 152A (through 152E) (e.g. a silicon photocell) for detection of analog scan 
data signals as described hereinabove; and analog signal processing circuit 235A (through 
235E) for processing detected analog scan data signals. 

In the illustrative embodiment, each photodetector 152A through 152E is realized as 
an opto-electronic device and each analog signal processing circuit 235A aboard the analog 
signal processing board (201 A through 201 £) is realized as an Application Specific 
Integrated Circuit (ASIC) chip. These chips arc suitably mounted onto a small printed 
circuit (PC) board, along with electrical connectors which allow for interfacing with other 
boards within the scanner housing. With all of its components mounted thereon, each PC 
board is suitably fastened to the photodetector support frame 153, along its respective 
central reference frame, as shown In Fig. 4A2. 

In a conventional manner, the optical scan data signal Do focused onto the 
photodetector 152A during laser scanning operations is produced by light rays of a particular 
polarization state (e.g. S polarization state) associated with a diffracted laser beam being 
scanned across a li^t reflective surface (c.g. the bars and spaces of a bar code symbol) and 
scattering thcieoff. Typically, the polarization state distribution of the scattered light rays is 
altered when the scanned surface exhibits diffuse reflective characteristics. ITiereafter, a 
portion of the scattered light rays arc reflected along the same outgoing light ray paths 
toward the holographic facet which produced the scanned laser beam. These reflected light 
rays are collected by the scanning facet and ultimately focused onto the photodetector of the 
associated light detection subsystem by its parabolic light reflecting mirror 149A disposed 
beneath the scanning disc 130. The function of each photodetector 152 A is to detect 
variations in the amplitude (i.e. intensity) of optical scan data signal Do, and to produce in 
response thereto an electrical analog scan data signal D| which corresponds to such intensity 
variations. When a photodetector with suitable light sensitivity characteristics Is used, the 
amplitude variations of electrical analog scan data signal D| will linearly correspond to the 
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light refleaion characteristics of the scanned surface (e.g. the scanned bar code symbol). The 
function of the analog signal processing circuitry is to band-pass filter and preamplify the 
electrical analog scan data signal Di, in order to improve the SNRof the output signal. 

In the illustrative embodiment of Fig. 4A1, each digital scan data signal processing 
board 202A through 202E is constructed in substantially the same manner. On each of these 
.signal processing boards, the following devices are provided: an analog-to-digital (A/D) 
conversion circuit 238A through 238E, as taught in copending US Application Nos. 
09/243,078 filed February 2. 1999 and 09/241.930 filed February 2. 1999, realizable as a 
first application specific integrated circuit (ASIC) chip; a programmable digitizing circuit 
239A through 239E realized as a second ASIC chip; a start-of- facet-sector pulse (SOFSP) 
generator 236A through 236E realizable as a programmable IC chip, for generating SOFSPs 
relative to home-offset pulses (HOP) generated by a HOP generation circuit 244 on the 
control board 200. shown in Fig. 5B. and recdved by the SOFSP generator, an EPROM 
237A through 237E for storing parameters and information represented in the tables of Figs. 
lOB, lOD, lOEl and 10E2; and a programmed decode computer 240A through 240E 
realizable as a microprocessor and associated program and data storage memory and system 
buses, for carrying out symbol decoding operations and recovery of SOFSPs from the 
digitizer circuit 239A in a synchronous, real-time manner as will be described in greater 
detail hereinafter. In the illustrative embodiment, the ASIC chips, the microprocessor, its 
associated memory and systems buses are all mounted on a single printed circuit (PC) board, 
using suitable electrical connectors, in a manner well known in the art. 

The function of the A^ conversion circuit 238A is to perform a thresholding 
function on the second-derivative zero-crossing signal in order to convert the electrical analog 
scan data signal Di into a corresponding digital scan data signal D2 having first and second 
(i.e. binary) signal levels which correspond to the bars and spaces of the bar code symbol 
being scanned. In practice, the digital scan data signal D2 appears as a pulse-width 
modulated type signal as the first and second signal levels thereof vary in proportion to the 
width of bars and spaces in the scanned bar code symbol. 

The function of the programmable digitizing circuit 239Aof the present invention is 
two-fold: (1 ) to convert the digital scan data signal D2, associated with each scanned bar 
code symbol, into a corresponding sequence of digital words (i.e. a sequence of digital count 
values) Dj representative of package identification (I.D.) data; and (2) to correlate time- 
based (or position-based) information about the facet sector on the scanning disc that 
generated the sequence digital count data (corresponding to a scanline or portion thcrcoO 
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that was used to read the decoded bar code symbol on the package scanned in the scanning 
tunnei subsystem 100. Notably, in the digital word sequence D3, each digital word 
represents the time length duration of first or second signal level in the corresponding digital 
scan data signal D2. Preferably, the digital count values are in a suiuble digital format for 
use in carrying out various symbol decoding operations which, like the scanning pattern and 
volume of the present invention, will be determined primarily by the particular scanning 
application at hand. Reference is made to U.S. Patent No. 5.343.027 to Knowles, 
incorporated herein by reference, as it provides technical details regarding the design and 
construaion of microelectronic digitizing circuits suitable for use in each holographic laser 
scanning subsystem 101 through 116 in the system of the present Invention. 

In bar code symbol scanning applications, the each programmed decode computer 
240A through 240E has two primary functions: (1) to receive each digital word sequence Dj 
produced from its respective digitizing circuit 239A through 239E, and subject it to one or 
more bar code symbol decoding algorithms in order to determine which bar code symbol is 
indicated (i.e. represented) by the digital word sequence D3. originally derived from 
corresponding scan data signal Di deteacd by the photodctcctor associated with the decode 
computer; and (2A) to generate a specification for the laser scanning beam (or plane-sector) 
that was used to collect the scan data underlying the decode bar code symbol, or 
alternatively, (2B) to generate a specification of the holographic scanning facet seaor or 
segment that produced the collected scan data from which each laser-scanned bar code 
symbol is read. 

In accordance vrith general convention, the first function of the programmed decode 
computer 240A hereof is to receive each di^Ul word sequence D3 produced from the 
digitizing circuit 239A and subject it to one or more pattern recognition algorithms (e.g. 
character recognition algorithms) in order to determine which pattern is indicated by the 
digital word sequence D3. In bar code symbol reading ap>plications, in which scanned code 
symbols can be any one of a number of symbologies, a bar code symbol decoding algorithm 
with auto-discrimination capabilities can be used in a manner known in the art. 

The second funaion of the programmed decode processor 240A through 240E is best 
described with reference to Figs. 1 IC and 11 D. In the illustrative embodiment hereof, each 
programmed decode computer 240A through 240E generates a specification for the laser 
scanning beam (or plane-sector) in terms of the minimum and maximum facet angles 
delimited by the facet sector involved in the scanning the decoded bar code symbol. Such 
minimum and maximum facet angles are indicated in the last column of the table shown in 
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Fig, 1 1 C, Alternatively, each programmed decode computer 240A through 240E could 
generate a specification of the holographic scanning facet sector or segment that produced 
the collected scan data from which each laser-scanned bar code symbol is read. In such a 
case, each programmed decode processor would generate for each decoded bar code symbol, 
the following Items of information: the identification number of the laser scanning subsystem 
that produced the underlying scan data from which the bar code symbol was read; the 
identification number of the laser scanning sUtion that produced the underlying scan data 
15 from which the bar code symbol was read; the facet number of the scanning facet on the 

scanning disc that produced the underlying scan data from which the bar code symbol was 
read; and the facet sector number of the scanning facet on the scanning disc that produced 
the underlying scan daU from which the bar code symbol was read. Such information items 
could be generated using tables similar to those set forth in Figs. 1 ICI through 1 1C3, except 
that instead of reading out minimum and maximum facet angles (as provided in the 
rightmost column thereof), the facet sector (or segment) number could be read out, and 
assembled with the other items of information providing the specification of how the laser 
scanning beam in issue was generated from the holographic laser scanning subsystem. In 
either case, such information will enable the data management computer system 900 to 
compute a vector-based geometrical model of the laser scanning beam used to scan the read 
^ bar code symbol represented by the coordinated symbol character data. 

As will be described in greater detail hereinafter, the geometrical model of the laser 
beam Is produced in real-time aboard the data management computer system 900 using "3-D 
ray-tracing techniques" which trace the laser scanning beam from ( 1 ) its point of original on 
the holographic scanning disc, (2) to its point of reflection off the corresponding beam 
folding mirror, and (3) towards the focal point of the laser scanning beam determined by the 
focal length of the scanning facet involved in the production of the laser scanning beam. 
^ From the computed vector-based geometrical model of the laser scanning beam, the location 

of the decoded bar code symbol (i.e. when it was scanned by the laser scanning beam being 
geometrically modeled) can be specified (i.e. computed) in real-time relative to a local 
coordinate reference system symbolically embedded within the laser scanning subsystem. 

As shown in Fig. 5B, the control board 200 comprises a number of components 
mounted on a small PC board, namely: a programmed microprocessor 242 with a system bus 
and associated program and tiata storage memory, for controlling the system operation of the 
^ holographic laser scanner and performing other auxiliary funaions; first, second, third, forth 

and fifth serial data channels 243A through 243E, for receiving serial data input from the 
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g programmable decode computers 240A through 240E: an input/output (I/O) interface circuit 

248 for interfacing with and transmitting symbol character data and other information to the 
I/O subsystem 800, and ultimately to the data management computer system 900; home 
pulse detector 245 realizable as the electronic circuit shown in Fig. 3C» for detecting the 
home pulse generated when the laser beam 250 from VLD 253 (in home pulse marking 
sensing module 251 shown in Fig. 5C) is directed through home-pulse gap 260 (between 
Facets Nos. 6 and 7) and sensed by photodetector 253; and a home-offset-pulse (HOP) 
generator 244 realized as an ASIC chip» for generating a set of five home-offset pulses 
(HOPs) in response to the detection of each home pulse by circuit 245. In the illustrative 
embodiment, each serial data channel 243A through 243E is realized as an RS232 port, 
although it is understood that other structures may be used to realize the function performed 
thereby. The programmed control computer 242 also produces motor control signals, and 
laser control signals during system operation. These control signals are received as input by a 
power supply circuit 252 realized on the power supply PC board. Other input signals to the 
power supply circuit 252 include a 900 Volt, 60 Hz line voluge signal from a standard power 

25 

distribution circuit. On the basis of the received input signals, the power supply circuit 
produces as output, (1) laser source enable signals to drive VLDs 253A through 253E, 
respectively, and (2) a motor enable signal in order to drive the scanning disc motor 150 
30 coupled to holographic scanning disc 130. 
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Method Of Determining Laser Beam Position In Laser Scanning Subsystems Hereof Under 
Constant Scanning Motor Speed Conditions 



In Figs. 10 through 1 ID, a first method is shown for (i) determining the position of 
the laser scanning beam produced by either the laser scanning subsystems shown in Fig. 4A1 
and/or 4A2 when scanning motor speed is constant, and (ii) synchronously encoding facet 
section information with digital count data generated by the digitizer circuit on each decode 
board of such subsystems. In general, this method involves optically encoding the "home 
pulse mark/gap"* along the edge of the holographic scanning disc, and upon deteaing the 
^ same, generating home offset pulses (HOPs) which are used to automatically generate the 

start of each facet pulse (SOFPs), and the SOFPs in turn are used to automatically generate 
the start-of-facct-sector pulses (SOFSPs) aboard each decode board. The details of this 
process will be described hereinbelow. 
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Referring now to Figs. 10 through 1 ID, it is noted that each home offset pulse 
produced from HOP generating drcuit 244 is provided to the SOFSP generator 23 6A 
through 236F on the decode processing board. When the HOP pulse is received at the 
SOFSP generator 236A through 236F on a particular decode processing board, the home 
puise gap on the scanning disc 130 is starting to pass through the laser beam directed 
therethrough at the scanning station associated with the decode signal processing board. As 
shown in Figs. 10 through 1 ID, timing information stored in the tables shown in these 
figures is used by the SOFSP generator 236A to generate a set of SOFSPs in response to the 
received HOP pulse during each revolution of the scanning disc. This enables a digital 
number count (referenced from the HOP) to be generated and correlated along with the 
digital data counts produced within the digitizer circuit 239A in a synchronous manner. As 
shown in Fig. lOA, each SOFSP generator 236A through 236C1 comprises: a dock 260 for 
produdng clock pulses <e.g. having a pulse duration of about 4 microseconds); a SOFP 
generation module 261 for generating SOFPs using the table of Fig. lOB in accordance yvlth 
the process depicted in Fig. IOC; a SOFSP generation module 262 for generating SOFSPs 
using the table of Fig. lOD and production rules set forth in Figs. lOEl and 10E2, in 
accordance with the process depicted in Fig. lOF; and a control module 263 for controlling 
the SOFP generator 261 and the SOFSP generator 262, and resetting the clock 260 upon 
each detection of a new HOP horn the HOP generator on the control board 200 assodated 
with the holographic scanning unit. 

As shown in Fig. 11, the digitizer circuit 239Aof the present invention comprises a 
number of subcomponents. In particular, a scan data input drcuit 322 is provided for 
receiving distal .scan data signal Da. A dock input 132 is provided from an external fixed 
frequency source 313, e.g. a 40 MHz crystal, or another external clock 15 to produce a pulse 
train. The output of the dock input circuit 312 in provided to the clock divider circuitry 
314. That circuit 314 indudes dividers for successively dividing the frequency of the clock 
pulses by a factor of two to producae a plurality of dock frequendes, as will be described in 
detail later. This plurality of dock signals is provided to a dock multiplexer 136. As shown 
in Fig. 11. the 40 MHz clock input signal is also provided directly to the dock multiplexer 
316. The clock multiplexer 136 selects the desired output frequendes for the device based 
upon control signals received from dock control drcuttiy in the programmable processor 
240A and in assodated drcuitry. The output of the clock multiplexer 316 comprises an S 
clock signal which provides the basic timing for the digitizer circuit 239A, as well as the 
input to digital counters. The processing of the input (bar code) scan data Dj is provided 
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from signal processor 238A. The scanner Input circuit 322 provides output signals which 
represent the deteaed bar code signal to be processed and are provided to the transition and 
sign dcterting circuit 324. That circuit detects the transition from a bar to a space or from a 
space to a bar from the input signals provided thereto, and also determines whether the 
symbol occurring before the transition is a bar or a space. Thus, the transition and sign 
detector 324 provides a signal bearing the "sign: Information (referred to as the "SIGN" 
signal) which is provided to multiplexer 342. and thus a primary first-in, Pirst-out (FIFO) 
memory which serves as the input of programmable processor 240A. The transition and sign 
circuit 324 also provides a signal to the sequencing means 328 to commence operation of the 
sequencing circuit 328. The sequencing drcuit 328 sequences the digitizer circuit through a 
predetermined number of steps which begin at the occurrence of each symbol transition and 
which will be described in detail later. Sequencing circuit 328 provides a FIFO write signal 
to the FIFO input of primary FIFO 340 and the auxiliary FIFO 341 » at the proper time to 
enable it to accept data thereinto. The sequencing circuit 328 provides input signals to 
di^tizing counting circuit 330 so that the starting and stopping of the counters* occurring 
with the detection of each transition, is properly sequenced. The counting circuit 330 also 
receives an input signal from the dock multiplexer 3 1 6 (S Clock). This signal runs the 
counters at the selected rate when they are enabled by the sequendng means 328. The dock 
multiplexer 316, the sequencer drcuit 328 and the counting circuit 330 each supply signals 
to the interface circuit 333 whldi enables It to properly pass the di^tized count data to the 
primary and auxiliary FIFOs 340 and 341, via multiplexer 342, as shown in Figs. 1 1 and 
1 1 A. The clock multiplexer 3 1 6 is arranged to provide two banks of available frequencies for 
the device to use, namely, an upper and a lower hank. The selection of frequendes from the 
upper bank or the lower bank is determined by a frequency bank switching drcuit 362. The 
frequency bank swtching circiut 362 also provides an input to an array reset 38 which 
provides a signal to reset the dock divider 314 on command. The clock divider circuitry 314 
also generates a TEST reset signal by inverting the array reset signal. The I'EST reset signal 
resets the remainder of the circuit 239A. The command which initiates this reset condition 
Is normally generated by a testing device (not shown) connected to device 239A and used to 
test It upon its fabrication. 

As shown in Figs. 1 1 and 11 B, digital count data or a string of zeros (representative of 
correlated SOFP data or count values from the HOP) are written into the primary FIFO 
using multiplexer 342 and write enable signals generated by the sequendng circuit 238. The 
SOFP marker (i.e. string of zeros) Is written over the data In the primary FIFO 340 whenever 
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the SOFP count data is presented to the digitizer circuit. Also, digiul count dau or a string 
of zeros (representative of correlated SOFSP data or SFS count values from the HOP) are 
written into the auxiliary FIFO 341 using multiplexer 342 and write enable signals generated 
by the sequencing circuit 238. The SOFSP marker (i.e. string of zeros) is written over the 
data in the auxiliary FIFO 341 whenever the SOFP count data is presented to the digitizer 
circuit. With such a data encoding scheme, the decoder 240A is allowed to decode process 
the scan count data in the FIFOs* as well as determine which facet seaor produced the laser 
scanning beam. The later function is carried out using the tables set forth in Figs. IIBI 
through lie and the method described in the flow chart of Fig. 1 ID. As shown in Fig. 1 lA, 
the output of the 240A is a scan beam data element comprising the package ID data, the 
scanner number (SN), the laser scanning station number (SSN), facet number (FN) and 
minimum and maximum facet angles subtending the facet sector involved in generating the 
laser beam used to read the decoded bar code symbol representative of the package ID data. 
Additional deuils concerning the design and construction of digitizer circuit (23 9A) can be 
found in Applicant's US Patent No. 5.343,027 incorporated herein by reference in its 
entirety. 

Laser Position Determination In Holographic Laser Scanners Under Varying Sca nning Motor 
Speed Conditions 

In Figs. I2A through 14B, a novel system and method is illustrated for (i) accurately 
determining the position of the laser scanning beam produced by either the laser scanning 
subsystems shown in Fig. 4A1 and/or 4A2 independent of whether or not the scanning motor 
speed can be maintained constant, and (ii) synchronously encoding facet section information 
with digital count data generated by the digitizer circuit on each decode board of such 
subsystems. In this embodiment of the present invenUon, a holographic scanning disc 
having a home pulse mark or gap 260 (260) as described hereinabove can be used to generate 
the required laser scanning pattern. Also, as shown in Fig. 4B1. each holographic scanning 
disc is provided with a home pulse sensing module 25 1 (251*) and home pulse detection 
circuit 245 (245*) as described in detail hereinabove. For purposes of illustration, this 
subsystem and method will be described below with reference to the laser scannix>g 
subsystem of Fig. 4A1, although the same remarks apply equally to the holographic scanning 
subsystem of Fig. 4B1 . as well as the polygonal scanning subsystem of Fig. 4C1 . 
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As illustrated in Fig. 12A, each time the home pulse mark or gap on the scanning disc 
130 passes the home pulse sensing module 251, a home pulse (HP) is automatically 



from the home pulse detection circuit 245, a set of home offeet pulses (HOPs) is sequentially 
produced from HOP generation circuit 244' in accordance with the process depicted in Fig. 
14A. The number of HOPs produced in response to each detected HP is equal to the 
number of laser scanning stations (i.e. scanning modules). N. arranged about the laser 
scanning disc. Each generated HOP is provided to the SOFSP generator (236A* through 
236F') on the decode processing board (202A' through 202F') associated with the HOP. 
When the HOP pulse Is received at the SOFSP generator on its respective decode signal 
processing board, the home pulse mark or gap on the scanning disc 130 is then starting to 
pass through the laser beam direaed therethrough at the laser scanning station associated 
with the decode signal processing board. During each revolution of the scanning disc, the 
SOFSP generation module 261' within each SOFSP generaUon circuit 236A' through 236F* 
generates a set of start of facet pulses (SOFPs) relative to the HOP, and also a set of start of 
facet sector pulses (SOFSPs) relative to each SOFSP. ITiis enables a SOFP and a SOFSP 
(referenced from the HOP) to be generated by each SOFSP generation circuit 23 6A' through 
236F* and provided to the digitizer circuit 239A through 239F so that the SOFP and SOFSP 
daU can be correlated with the digiul dau counts produced within the digitizer circuits in a 
synchronous manner. Within the decode processor, SOFP and SOFSP data can be 
translated into laser beam position data expressed in terms of the minimum and maximum 
angles that delimit the facet sector producing the scan data from which the bar code symbol 
was decoded. 

In the illustrative embodiment, the HOP generation circuit 244* is implemented using 
an 87C51 microcontroller. The microcontroller uses two inputs: the home- pulse detected 
signal from the home pulse deteaion signal 245" connected to an interrupt pin of the 
87C51; and a ''motor-stable" signal from the scanning motor controller. The microcontroller 
has as many outputs as there are laser scanning stations (I.e. scanmng modules) in each laser 
scanning subsystem. Each output pin is dedicated to sending HOPs to a particular laser 
scanning station within the subsystem. 

In general, each SOFSP generation circuit is realized as a programmed 
microprocessor. However, for purposes of understanding the SOFSP generation drcuit, it 
will be helpful to schematically represent it as comprising a number of subcomponenL<s, as 
shown in Fig. 12B. As shown therein, each SOFSP generator 236A" through 236C1 " 



generated from the home pulse detection circuit 245. Each time a home pulse is generated 
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comprises: a clock 260" for producing dock pulses (e.g. having a pulse duration of about 4 
microseconds); a SOFP generation module 261* for generating SOFPs in accordance with the 
process depicted in Fig. 14B; a SOFSP generation module 262" for generating SOFSPs in 
accordance with the process depicted in Fig. 14B; and a control module 263" for controlling 
the SOFP generator 261" and the SOFSP generator 262", and resetting the clock 260" upon 
each detection of a new HOP from the HOP generator 244" on the control board 200" 
associated with the holographic scanning unit. 

In the illustrative embodiment, the SOFP/SOFSP generation circuit 236A" (through 
236F*') has been implemented using an programmed 87C52 microcontroller mounud on 
eadi decoding board associated with a particular scanning station. The HOP for the 
corresponding scanning station is received on an interrupt pin of the microoontFOller. The 
microcontroller outputs three signals to the decode processor 240A (through 240F): (i) 
SOFPs; (ii) SOFSPs; and (iii) a signal processor adjustment signal which constitutes a level 
high (or low ) when the facet that passes the scanning station's laser is a facet on a near (or 
far) focal plane. 

The operation of the HOP generation drcuit 244* and the SOFSP generation circuit 
236A- (through 23 6F*) will now be described within reference to the flow charts set forth in 
Fig. I4A and 14B. In these flow charts described below, the following list of symbols are 
used: 

ti« timer value at start of home-pulse for the i*** rotation of the disc; 

• Ti= time-period of the (i-i )^ rotation of the disc; 

• x"' - angular value of the position of the laser of the j''' scanning station (i.e. scanning 
module) of the system, relative to the previous scanning station (home-pulse laser for 
scanning station 1); 

• x*^ s angular width of the j'^ facet of the disc; 

• x**** - angular width of the m'" sector (i.e. segment) of the j"*" facet of the disc; 

• t,"' -time dapsed between the j'*' HOP and the (/-/)'** HOP of the i*'* rotation of the disc; 

• t|*1 =time elapsed between the Start of Facet Pulse (SOFP) of facet / and facet f-I of the 
1"^ rotation of the disc; 

• t,**" s=time elapsed between the Start of Facet Segment Pulse (SOFSP) of sector m and 
seaor m-7 of facet / of the i*** rout ion of the disc, 

• t»" sUme at which the n* HOP/SOFP of the i* rotation of the disc is outputtcd; and 

• t,P" =tlme at which the p'^ SOFSP of the n* facet of the i* rotation of the disc is 



outputted. 
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As illusuated in Fig. 12A, each time the home pulse mark or gap on the scanning disc 
130 passes the home pulse sensing module 251 . a home pulse (HP) is automatically 
generated from the home pulse detection drcuit 245. Each time a home pulse is generated 
from the home pulse detection circuit 245, a set of home offset pulses (HOPs) is sequentially 
produced from HOP generation drcuit 244' in accordance with the process depicted in Fig. 
14A. llie number of HOPs produced in response to each detected HP is equal to the 
number of laser scanning stations (i.e. scanning modules), N, arranged about the laser 
scanning disc. Each generated HOP is provided to the SOFSP generator (236A' through 
236F*) on the decode processing board (202A* through 202F*) assodated with the HOP. 
When the HOP pulse is received at the SOFSP generator on its respective decode signal 
processing board, the home pulse mark or gap on the scanning disc 130 is then starting to 
pass through the laser beam directed therethrough at the laser scanning station associated 
with the decode signal processing board. During each revolution of the scanning disc, the 
SOFSP generation module 261' within each SOFSP generation circuit 236A' through 236F' 
generates a set of start of facet pulses (SOFPs) relative to the HOP, and also a set of surt of 
facet sector pulses (SOFSPs) relative to each SOFSP. This enables a SOFP and a SOFSP 
(referenced from the HOP) to be generated by each SOFSP generation drcuit 23 6A' through 
236F' and provided to the digitizer drcuit 239A through 239F so that the SOFP and SOFSP 
data can be correlated with the distal data counts produced wdthin the digitizer drcuits in a 
syndtionous manner. Within the decode processor, SOFP and SOFSP data can be 
translated into laser beam position data expressed in terms of the minimum and maximum 
angles that delimit the facet sector producing the scan data from which the bar code symbol 
was decoded. 

In the illustrative embodiment, the HOP generation drcuit 244' is implemented using 
an 87C51 microcontroller. The microcontroller uses two inputs: the home-pulse detected 
signal from the home pulse detection signal 245" connected to an interrupt pin of the 
87C5 1 ; and a "motor-stable" signal from the scanning motor controller. The microcontroller 
has as many outputs as there are laser scanning stations (i.e. scanning modules) in each laser 
scanning subsystem. Each output pin is dedicated to sending HOPs to a particular laser 
scanning station within the subsystem. 

In general, each SOFSP generation drcuit is realized as a programmed 
microprocessor. However, for purposes of understanding the SOFSP generation drcuit, it 
will be helpful to sdicmatically represent it as comprising a number of subcomponents, as 
shown In Fig. 12B. As shown therein, each SOFSP generator 236A" through 23601" 
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comprises: a dock 260** for producing dock pulses (e.g. having a puke duration of about 4 
microseconds); a SOFP generation module 261" for generating SOFPs in accordance with the 
process depicted in Fig. 14B; a SOFSP generation module 262" for generating SOFSPs in 
accordance with the process depicted in Fig. 14B; and a control module 263" for controlling 
the SOFP generator 261" and the SOFSP generator 262", and resetting the dock 260- upon 
cadi detection of a new HOP from the HOP generator 244" on the control board 200" 
associated with the holographic scanning unit. 

In the illustrative embodiment, the SOFP/SOFSP generation circuit 236A" (through 
23 6F") has been implemented using an programmed 87C52 microcontroller mounted on 
each decoding board associated with a particular scanning station. The HOP for the 
corresponding scanning station is received on an interrupt pin of the microcontroller. The 
microcontroller outputs three signals to the decode processor 240A (through 240F): (i) 
SOFPs; (ii) SOFSPs; and (iii) a signal processor adjustment signal which constitutes a level 
high (or low ) when the facet that passes the scanning station's laser is a facet on a near (or 
far) focal plane. 

The operation of the HOP generation drcuit 244" and the SOFSP generat;ion circuit 
236A" (through 23 6F') will now be described within reference to the flow charts set forth in 
Fig. 14A and 14B. In these flow charts described below, the following list of symbols are 
used: 

ti= timer value at start of home-pulse for the i*** rotation of the disc; 
T,= time-period of the (i-/)*'* rotation of the disc; 

x"^ = angular value of the position of the laser of the j*** scanning station (i.e. scanning 
module) of the system, relative to the previous scanning station (home-pulse laser for 
scanning station 1); 

a angular width of the j*** facet of the disc; 

x^*^ = angular width of the m'** sector (i.e. segment) of the j"** facet of the disc; 

t«"' =time elapsed between the HOP and the (/-i)* HOP of the i'" rotation of the disc; 

ti'i =timc dapscd between the Start of Facet Pulse (SOFP) of facet / and facet/-/ of the 
i*"* rotation of the disc; 

t^fi™ =time elapsed between the Start of Facet Segment Pulse (SOFSP) of sector m and 
sector m-1 of facet / of the i'** rotation of the disc; 

ti" =time at which the n*'' HOP/SOFP of the i*" rotation of the disc is outputted; and 

t,*" =time at which the p"* SOFSP of the n* facet of the i* rotation of the disc is 



outputted. 



49 




10 



WO00/75R56 PCT/USOO/15624 

Each lime the "surt of home-pulse mark* is detected, the home-pulse pickup circuit 
251 described hereinabove automatically produces a negative going output pulse v**ich is 
provided to the HOP generation circuit 244*. as shown in Fig. 12A. The HOP generation 
circuit 244* uses this negative going output pulse to calculate the times at which the home- 
pulse mark reaches the different modules (i.e. laser scanning sutions) and, in response to 
such calculated times, to automatically generate and provided HOPs to the SOFSP 
generation circuit 236A' (through 236F*). The calculation is based on the important 
iS assumption that the motor speed for the i*"' rotation is very close to the motor speed for the 

(My'* rotation. 

As indicated at Block A in Fig. 14A. the process within the SOFSP generation circuit 
236A" defines N as the number of laser scanning stations (i.e. scanning modules) in the 

20 

holographic scanner, and x"* as the angular offset (i.e. position) of a laser scanning station 
from the home-pulse sensing module (i.e. pickup) 25 1 . At Block B in Fig. 14A. the process 
involves initializing the time period or setting = 0. Then at Block C, the HOP generation 
25 circuit determines whether a home pulse (HP) has been deteaed at its input port. Until an 

HP is detected, the circuit remains at this control block. When an HP is detected, then at 
Block D the circuit starts the timer therewith! n (i.e. t =/(>). Then at Block E. the circuit 
determines whether another HP has been detected. As shown, the circuit remains at this 

30 

control block until the next HP is detected. When the HP is detected, then at Block F the 
circuit samples the timer. The time-period of rotation of the scanning disc is calculated from 
two consecutive home-pulse detections as follows: 
35 T, = t, - 1,.,, where T, is the time-period for the i*** rotation of the disc. Then at Block G, the 

circuit determines whether the time-period for the i*** roution is "close" to that for the (i-i)** 
rotation. 

As indicated at Block G, a measure of "closeness" is defined as: | T| - Tm | < 45 uS. 
^ If the time measure is not dose. i.e. | Ti - T,., | > 45 uS, then if the time-period of rotation 

for the i* and (i-i)* rotation does not satisfy, | T, - T^, | < 45 uS, the circuit checks at Block 
H to determine whether the scanning disc has rotated at least a 100 times (experimental 
^ value). If the scanning disc has not rotated at least a 100 times, then the circuit proceeds to 

Block E and waits for the next home-pulse and carries out the control process over again. 
Since it is critical to the performance of the scanner that every scan be associated with laser 
position information, the time-period has to be accurately predicted when for some reason 
the time-period between two consecutive rotations of the disc differs by more than 45 uS 
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(experimental value). The assumption here is that the scanning motor speed cannot change 
suddenly between two routions. 

If the scanning disc has rotated at least a 100 times (i.e. i > 100), then the circuit 
proceeds to Block 1 and estimates the time-period of the current rotation 7J by using the time 
period data for the past n rotations of the disc, given by the following expression: 

Where the n coefficients di.^^, through a).| can be calculated beforehand (and offline) as 
follows: 

If Ti is the actual time-period of rotation i of the disc, at least squares estimate of the 
time-period for rotation 2+7 can be calculated by minimizing the function, 

E = 5^ (^' -X ^J^k-j)^ with respect to each a, (/ = i,..„«) 

The final expressions for the minimized "optimal" values of the coefficients aj are given by :' 

k k J 

A good value for n with reasonable computational complexity was found to be 3. 

As indicated at Blocic J, the circuit then calculates the "inter-HOPS** t^^ which is the 
time taicen by the homc-pulse marlc to reach to scanning staUon / from scanning station f-l . 
This measure is given by the expression : t,"^ = x"* * Ti, / = 1,...,N 

Finally, at Block K, the circuit sends (i.e. transmits) HOPs to the SOFSP generation 
circuit of each laser scanning station (for the ith rotation) at each instant of time given by 

k 

the expression: = t"^yk =},...^N 
y-i 

Thereafter, the control process returns to Block E as indicated in Fig. 14A. If at Block 
G, the time measure is "dose" (i.e. 1 T, - Tm | < 45 uS), then the circuit proceeds directly to 
control Block J. 

As described above, the HOP generation circuit 244" on the control board 200 
accurately predicts when the home-pulse mark on the scanning disc arrives at each scanning 
station and sends out a negative going pulse to each laser scanning station. In contrast, the 
SOFP generation circuit 236A" uses the HOPs to calculate when each facet^facet sector 
passes the laser module in each laser scanning station. Notably, an imporunt assumption 
here is that the scanning motor speed does not vary too much between two consecutive 
rotations of the scanning disc. 
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As Indicated at Block A in Fig. 14A, the process within the SOFSP generation circuit 
236A" defines the following parameters: N as the number of laser scanning stations (i.e. 
scanning modules) in the holographic scanner; M as the number of sectors (or "Ticks") on 
each facet of the scanning disc: x*^ as the angular width of facet; of the scanning disc; and 
x*^"* as the angular width of sector m of facet / of the scanning disc. 

At Block B in Fig. 14A. the process involves initializing the time period or setting 
2J = 0 . Then at Block C, the SOFSP generation circuit determines whether a home pulse 
15 (HP) has been detected at its input port. Until an HP is deteaed, the SOFSP generation 

circuit remains at this control block. When an HP is detected, then at Block D the SOFSP 
generation circuit starts the timer therewithin (i.e. / Th^" «^ Block the SOFSP 

generation circuit determines whether another HP has been detected. As shown, the SOFSP 
generation circuit remains at this control block until the next HP is detected. When the HP 
is detected, then at Block F the SOFSP generation circuit samples the timer contained 
therewithin- The time-period of rotation of the scanning disc is calculated from two 
25 consecutive home-pulse detections as follows: T, « t^ - 1^.,, where T, is the time-period for the 

i* rotation of the disc. Then at Block G, the SOFSP generation drcuit determines whether 
the time-period for the I* rotaUon is "close" to that for the (/-i rotation. 

As indicated at Block G, a measure of "closeness" is defined as: | T, - T^ | < 45 uS. 
^ If the time measure is not close, then the time-period of rotation for the i**' and (i-i 

rotation does not satisiy. I T| - T,.| | < 45 uS. and the SOFSP generation circuit returns to 
Block E, as indicated in Fig. 14B and looks for another HOP, without sending any 
35 SOFP/SOFSP. 

If the time-period of rotation for the i*^ and (i-i rotation does satisfy, | Tj - Ti.| | < 45 uS, 
then the SOFSP generation circuit proceeds to Block H where the time between start of facet 
pulses (SOFSs) for facets f-I and / of the disc for the i'" rotation is calculated using the 
expression: 

ti^ = x^'T„ 7= 1,..,.N 

Then at Block I, the SOFSP generation circuit calculates the "inter-HOPs" which are 
defined as the Ume between start of sector pulses m-i and m for facet/, corresponding to 
rotation / of the disc. Such inter-HOPs are calculated by the expression: 

At Block J. the SOFP generation circuit sends out (to the decode processor) SOFPs at 
the times given by the expression: 



40 



45 



50 



52 




10 



WO00n5R56 PCT/USOO/15624 

Likewise, the SOFSP generation circuit sends out (to the deoKle processor) SOFSPs at the 
times given by the expression: 
■ p 

= = 1,..., AT; p = 1,..., A/ 

Using the transmitted SOFPs/SOFSPs. correlated with bar code scan data at the 
15 digitizer circuit 239A (through 239F), the decode circuit 240A (240F) can then specify the 

laser beam position in terms of the minimum and maximum angle of the scanning facet 
sector that generated the bar code scan data that has been correlated therewith using the 
dual-FIFO digitizer circuit 240 of the present invention. Typically, calculations for each 
SOFP/ SOFSP will be performed in a pipelined fashion since the total computation time far 
exceeds the time between any two SOFSPs. The laser beam position determination 
subsystem illustrated in Figs. 12A through 14B and described hereinabove, has been built 
25 and tested in holographic tunnel scanning system employing holographic laser scanners 

having 5 laser scanning stations, scanning discs with 16 facets and 20 facet sectors/segments* 
and scanning motor speed variations within the range of between 4800 rpm and 5800 rpm. 
The system can handle small scanning-motor accelerations (and decelerations). 

Notably, the above-described subsystem has limitations on the number of sectors (or 
segments) that each facet can be resolved Into along the scarming disc. While a large number 
of sectors per facet will guarantee more accurate laser beam position Information, the 
3g subsystem is limited by the computational time required to output each SOFSP. Average 

computational times for outputting SOFPs is found to be about 20 uS, and about 12 uS for 
SOFSPs, 
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The LADAR-Based Package Imag in g. Detecting and Dimensioning Subsystem of The Present 

Kinv^pt^iftn 



As explained above, the subsystems 400, 500, 600 and 700 depicted in the system 
45 diagram of Fig. 3 are realized using the technological platform provided by the LADAR-based 

imaging, detecting and dimensioning subsystem 3301 which is integrated within the unitary 
package identification and dimensioning system of the present invention. In Fig. 15, the 
subcomponents of subsystem 3301 are schematically represented. In principle, this 
subsystem 3301 is a' Laser-Doppler based Imaging and Profiling device and is therefore often 
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(experimenul value). The assumption here is that the scanning motor speed cannot change 
suddenly between two rotations. 

If the scanning disc has rotated at least a 100 times (i.e. / > 100), then the circuit 
proceeds to Block I and estimates the time-period of the current rotation 7J by using the time 
period data for the past n rotations of the disc, given by the following expression: 



j5 Where the n coefficients a,.,^ through a|., can be calculated beforehand (and offline) as 

follows: 

If Ti is the actual time-period of rotation i of the disc, at least squares estimate of the 
time-period for rotation i+i can be calculated by minimizing the function, 

E = ^ (T;* ~ S respect to each aj (/ = 7.....») 

The final expressions for the minimized "optimar values of the coefficients aj are given by : 

* * / 

A good value for n with reasonable computational complexity was found to be 5. 

As indicated at Block J, the circuit then calculates the "inter-HOPS" ti"» which is the 
^ time taken by the home-pulse mark to reach to scanning station / from scanning station j-J . 

This measure is given by the expression : t|"* - x**! * T^ / = 1,,..,N 

Finally, at Block K, the circuit sends (i.e. transmits) HOPs to the SOF.SP generation 
^ circuit of each laser scanning station (for the ith rotation) at each instant of time given by 

k 

the expression: ^/ = = -t ^ 

Thereafter, the control process returns to Block E as indicated in Fig. 14A. If at Block 
^ G. the time measure is "dose" (i.e. | T^ - T^ | < 45 uS), then the circuit proceeds direciily to 

control Block J. 

As described above, the HOP generation circuit 244" on the control board 200 
accurately predicts when the home-pulse mark on the scanrdng disc arrives at each scanning 
station and sends out a negative going pulse to each laser scanning station. In contrast, the 
SOFP generation circuit 236A'' uses the HOPs to calculate when each facet/facet seaor 
passes the laser module In each laser scanning station. Notably, an important assumption 
SO here is that the scanning motor speed does not vary too much between two consecutive 

rotations of the scanning (Use 
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As indicated at Block A in Fig, 1 4A, the process within the SOFSP generation circuit 
236A" derines the following parameters: N as the number of laser scanning stations (i.e. 
scanning modules) in the holographic scanner; M as the number of sectors (or "Ticks") on 
each facet of the scanning disc: as the angular width of facet / of the scanning disc; and 



At Blod^ B in Fig. 14A, the process involves initializing the time period or setting 
7i = 0. Then at Block C, the SOFSP generation circuit determines whether a home pulse 
(HP) has been detected at its input port. Until an HP is detected, the SOFSP generation 
circuit remains at this control block. When an HP is detected, then at Block D the SOFSP 
generation circuit starts the timer therewithin (i.e. t = fo)- '^^^ at Block E, the SOFSP 
generation circuit determines whether another HP has been detected. As shown, the SOFSP 
generation circuit remains at this control block until the next HP is detected. When the HP 
is detected, then at Block F the SOFSP generation circuit samples the timer contained 
therewithin. The time-period of rotation of the scanning disc is calculated from two 
consecutive home-pulse detections as follows: T| = t, - tn, where T, is the time-period for the 
i'*' rotation of the disc. Then at Block G, the SOFSP generation circuit determines whether 
the time-period for the i*" rotation is "dose" to that for the {i-lY^ rotation. 

As indicated at Block G, a measure of "closeness" is defined as: | T, - T,., | < 45 uS. 
If the time measure is not dose, then the time-period of roution for the i*** and (M )"** 
rotation does not satisfy, | T| - Ta.| | < 45 uS, and ti^e SOFSP generation drcuit returns to 
Block E, as Irulicated in Fig. I4B and looks for another HOP, without seriding any 
SOFP/SOFSP. 

If the time-period of roution for the i'** and (i-i)'** rotation does satisfy, | Ti - T,.i | < 45 uS. 
then the SOFSP generation drcuit proceeds to Block H where the time between sUrt of facet 
pulse-s (SOFSs) for facets f-l and / of the disc for the i*** rotation is calculated using the 
expression: 

t,*^ = x*^ • T., / = 

Then at Block I. the SOFSP generation drcuit calculates the "inter-HOPs" which are 
defined as the time between surt of sector pulses m-i and m for facet/, corresponding to 
rotation i of the disc. Such inter-HOPs are calculated by the expression: 

At Block J, the SOFP generation circuit sends out (to the decode processor) SOFPs at 
the times given by the expression: 



x*^"' as the angular widtii of sector m of facet ; of the scanning disc 
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r;= " tp.n^l N 

/-I 

Likewise, the SOFSP generation circuit sends out (to the decode processor) SOFSPs at the 
times given by the expression: 



Using the transmitted SOFPs/SOFSPs, correlated with bar code scan data at the 
IS digitizer circuit 239A (through 239F), the decode circuit 240A (240F) can then spedfy the 

laser beam position in ternns of the mimmum and maximum angle of the scanning facet 
sector that generated the bar code scan data that has been correlated therewith using the 
duaUFIFO digitizer circuit 240 of the present invention. Typically, calculations for each 
SOFP/ SOFSP will be performed in a pipelined fashion since the total computation time far 
exceeds the time between any two SOFSPs. The laser beam position determination 
subsystem illustrated in Figs. 12A through 14B and described hereinabove, has been built 
25 and tested In holographic tunnel scanning system employing holographic laser scanners 

having 5 laser scanning stations, scanning discs with 16 facets and 20 facet secton/segments, 
and scanning motor speed variations within the range of between 4800 rpm and 5800 rpm. 
'ITie system can handle small scanning-motor accelerations (and decelerations). 

Notably, the above-described subsystem haa limitations on the number of sectors (or 
segments) that each facet can be resolved into along the scanning disc While a large number 
of sectors per facet will guarantee more accurate laser beam position information, the 
35 subsystem is limited by the computational time required to output each SOFSP. Average 

computational times for outputting SOFPs is found to be about 20 uS, and about 12 uS for 
SOFSPs. 



The LADAR'Based Package Tmag in g. Detectin fr and Dimensioning Subsystem of The Present 
Invention 



As explained above, the subsystems 400, 500, 600 and 700 depiaed in the system 
45 diagram of Fig. 3 are realized using the technological platform provided by the LADAR-based 

Imaging, detecting and dimensioning subsystem 3301 which is Integrated within the unitary 
package identification and dimensioning system of the present invention. In Fig. 15, the 
subcomponents of subsystem 3301 are schematically represented. In principle, this 
subsystem 3301 is aXaser-Doppler based Imaging and Profiling device and is therefore often 



56 



55 





wo 00n5856 



PCT/USOO/15624 



10 



15 



20 



25 



30 



35 



40 



45 



SO 



referred to by Applicants as an LDIP device. In general, there are various way in which this 
subsystem 3301 can be realized. In Fig. 15A, subsystem 3301 is realized so that Its multi- 
wavelength dual AM laser scanning/ranging beams are projected from its subhousing (i.e. 
optical bench) in such a way that the AM laser beams intersect the surface of the conveyor 
belt at different angles as the beams scan across the width of the conveyor belt. In Fig. 15B, 
the subsystem is realized using a polygonal-based laser beam scanning mechanism, whereas 
in Fig. 15G, the subsystem is realized using a holographic-scanning disc based scanning 
mechanism. In Fig. 15F, the subsystem 3301 is realized so that the multiwavelength laser 
beam source is stationary, whereas the field-of-view of the avalance photodiode is scanned 
across the width of the conveyor belt (or other region of space) by a rotating polygon 
mechanism. 

In Fig. 16. subsystem 3301 is realized so that its multi-wavelength dual AM laser 
scanning^ranglng beams are projected from its subhousing (i.e. optical bench) in such a way 
that the AM laser beams intersect the surface of the conveyor belt in a substantially normal 
(i.e. perpendicular) manner as the beams scan across the width of the conveyor belt. This 
technique employed cylindrical-type lens elements shown in Figs. 16D and 16£ in order to 
coUimate the direction of the dual scanning/ranging beams and thus avoid the effects of 
shadowing which can be created by tall packages and other objects moving along the 
conveyor belt. In Fig. 16A, this improved subsystem design 3301 is shown realized using 
holographic scanning mechanism, whereas in Fig. 16C it is shown realized using a polygonal- 
type reflective scanning mechanism, as shown in Fig. 15B. 

Having provided a brief overview on the LADAR-based imaging, detecting and 
dimensioning subsystem of the present invention, it is appropriate at this juncture to now 
describe its structure and functions in greater detail, and thereafter, detail the various 
illustrative embodiments of this subsystem, within the context of the system within wtuch it 
Is integrated. 

As shown in Fig. 15, the LADAR-based imaging, detecting and dimensioning 
subsystem 3301 comprises an integration of subsystems and components, namely: a first 
multi-wavelength dual laser scanning/^ranging beam generator 2000A for scanning packages 
and other objects over the visible portion of their reflection characteristics; and : a second 

multi-wavelength dual laser scanning/ranging beam generator for scanning packages and 

other objects over the IR portion of their reflection characteristics; an image processing 
computer 3356 for enabling the package height, width and length profiling subsystem 600 
and the package velocity measurement subsystem 400 shown In Fig. 3); a start-of-object 
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sensing cycle (SOSC) or start-of-scan <SOS) pulse photodetector 335 disposed inside the 
system housing* at the comer of the window, for automatically detecting an extreme portion 



pulse generator 335 A for receiving a signal from photodetector 335 and generating a SOSC 
(or SOS) pulse signal for referencing purposes within the PITT indication subsystem 500; an 
optional 1D/2S bar code symbol reading system comprising subcomponents 3357A, 3357» 
3358 and 3359) for reading ID and 2D code symbols when the subsystem 3301 is used in a 
stand-alone application independent of the unitary package identification and dimensioning 
system of the present invention; and a programmable controller (e.g. microcomputer) 2001 
for controlling the operation of such subsystem components within the context of the greater 
system structure in which subsystem 3301 is integrated. 

In general, the structure and function of the first and multi- wavelength dual laser 
scannin^ranging beam generators 2000A and 2000B are substantially the same, and 
comprise a number of subcomponents, namely: at least one visible laser diode VLD 3340A 
for producing a low power visible laser beam 3341 A (for generator 2000A) and a low power 
IR laser beam 3341B (for generator 2000B); an amplitude modulation (AM) circuit 3342 for 
modulating the amplitude of the visible laser beam produced from the VLD at a frequency 
(e.g. 75Mhz) with up to 7.5 miltiWatts of optical power; an opto-mechanical (e.g. 
polygonal-reflective or holographic-diffractive) scanning mechanism, an electro-optical 
scanning mechanism or an acousto-optical scanning mechanism 3343 for sweeping the 
modulated laser beam across a conveyor belt or like transport structure; optical detector (e.g. 
an avalanche-type photodetector) 3344, a part of a larger photodetection module 3315A, for 
converting received optical signal 3341 A* into an electrical signal 334lA**(or signal 334 IB* 
into electrical signal 3341 B"); an amplifier and filter circuit 3345 for isolating the signal 
component and amplifying it; a limiting amplifier 3345A for maintaining a stable signal level; 
a phase detector 3346 for mixing the reference signal component from the AM circuit 
3342 and the received signal component reflected from the packages and producing a 
resulting signal which is equal to a DC voltage proportional to the Cosine of the phase 
difference between the reference and the reflected signals; an amplifier circuit 3346A for 
amplifying the phase difference signal; a received signal strength indicator (RSSI) 3354 for 
producing a voltage proportional to a LOG of the signal reflected from the package (i.e. 
target) which can be used to provide additional information; a reflectance level threshold 
analog multiplexer 3355 for rejecting information from the weak signals; and a 12 bit A/D 



of one of the AM scanning^ranging beams (as it sweeps through the scanning window, and 
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converter 3348 for converting the DC voltage signal from the RSSI circuit 3354 into a linear 
array of M raw range data elements {/^,) . ukcn along m=M (e.g. Ma256) equally spaced 



surface of the scanned package moving therealong. Notably, in the illustrative 
embodiments, both the first and second scanning^ranging beam generators 2000A and 
2000B share a common optical scanning mechanism which ensures that each laser beam Is 
spatially-separated, as shown in Fig. 32, to enable the package velocity compuution method 
within the context of the package velocity measurement subsystem 400. In other 
embKKliments of the present invention, each wavelength-dependent scanning^ranging beam 
generator can employ its own scanning mechanism, regardless of whether it Is physical 
implementation. 

In the illustrative embodiments of the present invention, the imagje processing 
computer 3356 is realized as a high performance range/image data microcomputer provided 
with suffident program memory, and data storage memory for buffering arrays of range data, 
and derivatives thereof, during the 2-D image data processing methods of the present 
invention. Also, the optional bar code symbol reading module 2003 can be realized by 
integrating the following components in a manner well known in the art: a preamplifier 
circuit 3357 for preamplifying the analog AM signal from the avalanche photodetector 3344 
(functioning in this module as an analog scan data signal); an A/D conversion circuit 3357 
for converting analog scan data signals into lines of digital scan data sampfes; scan line data 
buffer array 3358 for buffering lines of digital scan data samples; and a programmed 2-D 
image data processor/decoder (e,g, microcomputer) 3359 for decode processing the bar code 
symbol represented in the structure of digital image in the scan line dau buffer array, and 
producing symbol character data representative of the bar code symbol. 

As shown in Figs. lA through ID and 15A, subsystem 3301A further comprises: a 
first beam reflecting minor 2005 mounted on one edge of the conveyor belt by a first 
mounting bracket 2006; a second beam reflecting mirror 2007 mounted on the opposite edge 
of the conveyor belt by a second mounting bracket 2008; a relatively narrow (e.g. 1/8^ to 
1/4*) strip of light absorptive {c.g. black) material 201 1 applied to the upper portion of the 
second beam reflecting mirror 207 for absorbing the intensity of the retro-refleaive object 
sensing laser beam directed across the width of the conveyor belt; and a beam attenuating 
plate 2009 (having about a 70-90% attenuation coefficient) mounted on bracket 2006 



sampling positions (i.e. locations) along the width of the conveyor belt, where each range 
data element R„ i provides a measure of the distance from the VLD 3340 to a point on the 
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between the first and second beam reflecting mirrors 2005 and 2007 for attenuating the 
refleaed AM scannin^ranging beam (functioning as an object sensing beam within a 
relatively short prespecified time-\^ndow) to prevent over saturation at the avalanche 
photodetector 3344. 

As illustrated in Fig. 15 A, function of the above described optical components in 
relation to the LADAR-based subsystem 3301 is to generate over a short time window, from 
one of the multi-wavelength AM laser scannin^ranging beams, an object sensing beam 
produced by the scanning/pranging beam reflecting off the first beam reflecting mirror at time 
tl» passing through attenuation plate and travelling across the width the conveyor belt 
towards the second beam reflecting mirror 2007. reflecting thercoff and travelling back 
through the attenuation plate 2009, reflecting off the first refleair\g off the first reflecting 
mirror 2005 and receded by the avalanche photodetector 3344 to produce an analog signal 
with a time-varying intensity characteristics that are eventually processed to detect the 
presence or absence of a package along the conveyor belt, between the first and second beam 
reflecting mirrors 2005 and 2007 over each instance of the prespecified time-window, 
allocated at the end of each laser scannin^ranging beam <yde carried out within the 
LADAR-based imaging, detecting and dimensioning subsystem of the present invention. As 
such optical elements can be thought of as components of the PITT indication subsystem 
500, as well as the package height/width/length dimensioning subsystem 600, as package 
presence/absence information detected using these optical elements can be used to confirm 
and/or validate package dimensional data prior to transmission to the data element queuing, 
handling and processing subsystem 1000 which will be described in greater detail hereinafter. 

As shown in Fig. 15B, the LADAK-based imaging, detecting and dimensioning 
subsystem of the first illustrative embodiment 3301 A comprises: an optical bench 3360 for 
supporting optical and electro-optical components of the subsystem; a system housing 3361 
having a light uansmission aperture 3361 A for enclosing the optical bench and components 
mounted thereon in a shock-resistant manner; an eight-sided two-angle polygonal scanning 
clement 3343B, detailled in Figs. 15E1 through 15E4, rouubly supported on the shaft of an 
electrical motor 3343C mounted on the optical bench 3360, as shown, for scanning the 
amplitude modulated (AM) multi-wavelength (composite) laser beam 3341 produced by the 
VLDs 3340A and IR laser diode ILD 3340B, along a single scanning plane projected through 
the light transmission aperture 3361 formed in the subsystem housing; a light collecting 
mirror 3362 mour\te(l on the optical bench for collecting reflected laser light off a scanned 
object (e.g. package) 3364 and focusing the same to a focal point 3365Aon the surface of a 



60 



10 



20 



WO 00^5856 PCT/USOO/15624 

Stationary planar mirror 3365 mounted on the optica! bench; a small beam directing mirror 
3366 mounted on the center of the light collecting mirror 3362 for directing the laser beams 
from VLD 3340 and ILD 3340B to the rotating polygonal scanning element 3343B. to 
produce and project a pair of angularly-seperated multi-wavelength AM laser 
scanning^ranging beams (Nos. 1 and 2) out the light transmission aperture 336 1 A towards 
the conveyor belt surface along which packages are being transported In a high-speed 
manner. The ambient light is filtered by a "front window" over the light transmission 
IS aperture 336XA. The avalanche-type photodetector (APD) 3344 detects reflected laser light 

returning onto the surface of the rotating polygon 3343B collected by the light colleaing 
mirror 3362 and focused onto the sUtionary planar mirror 3365 The APD 3344, within 
APD module 33 15 A, converts light into electrical current signal having a frequency of 
75MHz signal and a phase delayed in relation to the reference signal. LOG amplifier 3345 
amplifies the signal significantly and at the same time keep it within certain amplitude range. 
The limiting amplifiers 3345 and 3346A ensure that a signal of the same amplitude is 
25 produced at the output of each suge regardless of how weak or how strong the reflected light 

signal Is upon striking the APD 3344. This automatic control feature allows the LADAR- 
based system to "scan" surfaces of different light reflectance at different distances. Also, the 
LOG amplifler 3345 enables the subsystem to measure an absolute value of the amplitude of 
the received laser signal. This gives information about any pattern of different reflectance on 
the **urget- (the labels, lai^gc letters, pictures, etc.). In addition, the LOG amplifler 3345 
enables setting a "threshold" for a signal level so that very weak or very strong reflections are 
attenuated. 

All incoming laser return signals are processed in a synchronized manner using the 
SOS (i.e. SOSC) pulse produced by SOS pulse generating circuit 3353 and associated 
photodetector 3353A so as to produce lines of digital range data representative of the 

^ distance from the polygonal scanning element to sampled points along the scanned object 

3364. As will be described in greater deUil hereinafter, the programmed 2-D digital image 
data processing computer 3356, realizable as a serial or parallel computing madiine, 

^ preprocesses each row of raw range data collected during each scan of the amplitude- 

modulated laser beam, removes background information components, stores the object 
related data in an image buffer within image processing computer 3356, and extracts 
therefrom information regarding the dimensions (e.g. area, height, length, width and vertices) 

^ of the object (e.g. package), after performing the necessary geometrical uansfbrmations. In 

connection therewith, it is rioted at this juncture that the collection and processing of raw 
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'* range" data is carried out with respect to the polar coordinate reference system Ru>iPMar • 
symbolically embedded within the LADAR-based imaging and profiling subsystem, and that 
geometric transformations, schematically depicted In Fig, 15D, are used to translate (i.e. 
convert) siich information to a Cartesian type coordinate system Ru)iPcrte3Un embedded within 
the LADAR-based subsystem, and then from this cooddate system to a global coordinate 
reference system symbolically embedded within the package Identification and 
measuring system, as illustrated in Figs. 42, 46 and 47. 
15 Simultaneously, the analog electrical signal input to the logarithmic amplifier 3345 is 

also processed along a separate data processing channel, as shown in Fig. 15A, in order to 
recover amplitude modulation information from received lines of scan image data, for 
subsequent buffering In the 2-D image array 3358 and decoded-processing by 2-D Image 
data processoi/decoder 3359. The output from the 2-D image data processor/decoder 3359 
is symbol character data representative of the bar code symbol embodied within the structure 
of the received scan data image. 
25 The signal and data processing circuitry employed In the subsystem 3301 can be 

realized on one or more PC boards 3368. Various types of VO interfaces 3369 can be used to 
interface the subsystem 3301 to I/O subsystem 3900, as well as other devices with which It 
nuiy be used in any particular application under consideration. 

In Fig. 15F, there is shown an alternative embodiment of the dual-beam/multi- 
wavelength LADAR-based imaging, detecting and dimensioning subsystem shown in 
Fig. 15B, wherein the laser scanning beams are projected through a holographic 
35 spatial filter 2020 causing a plurality of modulated laser beams to be simultaneously 

projected over the conveyor belt surface at different angular spacings to achieve a 
desired degree of spatial sampling of the conveyor belt surface and objects tTansported 
therealong, while a rotating eight-sided polygon scanning element 3343B is used to ■ 
move (i.e. scan) the field of view (FOV).of the avalanche photodiode 3344 across the 
illxuninated conveyor belt. As each mirror on the polygon turns, it collects the 
reflected light from the particular spot of the laser beam, then direas that light into a 
45 colleaor mirror 2250 which focuses it Into a photo receiver 3344. A motor control 

circuit 2251 controls the polygon motor so that it rotates the polygon with constant 
speed. The laser beam is amplitude modulated at a high frequency (for the 
convenience we can use a radio IF of 10.7 MHz). The receiver circuit 3344 comprises 
of a series of the amplifiers, filters and limiters that amplify only the modulated signal 
collected from the scan field, as decribed above in connection with Bg. 15. As a 
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5 result of a signal processing, a pulse sequence is generatd where the time between the 

pulses corresponds to the angle B between the light spots in the scan Held. 

By having a single source of light and by splitting the laser beams into multiple 
sets of angularly spaced AM scannin^ranging beams having a fixed angle (a) between 
adjacent beams, produces a line of evenly spaced apart light spots in the scanning 
field to illuminate any object that might pass therethrough. The number of the light 
spots determines the resolution of the measurements (the more the light spots the 
better the resolution). The distance between the light spots (a) on a package in the 
scanning field increases as the distance from the device to the package increases, 
following the tangent function of the distance measure (h). The angle p between the 
light spots* as shown in Fig. 1 5F Js related to the time between the pulses in the 
digital signal received by the receiver circuit 3344. Therefore knowing the angle a 
between the light spots on the object, an on-board computer can be used to calculate 
the distance h from the device to the object. The equation for the calculation of the 
distance from the device to the object: 
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a=h tan a a=d tanft d-h+c 
h=:(c tan6)/{tana-tanfi) 



Using a holographic element it is possible to create a matrbc of the light spots (instead 
of one line) In the scan field. Then with another mirror moving in a direction 
perpendicular to the "scan," the device can collect the information from an area 
instead of just a single line. 



In Fig. 15G, there is shown a second illusuative embodiment of the dual- 
beam/mxilti-ivavelength LADAR-based imaging, detecting and dimensioning 
subsystem of the present invention 3301B. Subsystem 3301B has a holographic 
scanning disc 3370, rotatably mounted on an optical bench within the subsystem 
hou.sing, for generating a pair of amplitude modulated laser beams having multi- 
wavelengths (produced from a pair of laser beam production module) and projected 
^ along a pair of spaced-apart scanning planes (along multiple depths of focus) through 

a light transmission aperture 3373A formed in the subsystem housing. As shown, the 
subystem further comprises: a parabolic light collecting mirror 3375 motmted 
4S beneath the holographic scanning disc 3370 for collecting refleaed laser light off a 

scanned object (e.g. package) and focusing the same through a condenser-type lens 
3376 onto an avalanche-type photodetector 3344 mounted below the scanning disc, 
and producing an electrical signal corresponding thereto; and signal processing 
circuitry as shown' in Fig. 15 for processing the produced electrical signal and 
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generating raw digiul range data representative of the distance from the holographic 
scanning element to sampled points along the scanned object (as well digital scan 
data representative of any bar code symbol the scanned surface of the object), and a 
programmed digital image dau processor 3356 as shown in Fig. 15 for preprocessing 
the raw digital range data and removing background information components, and 
for processing the preprocessed range data so as to exuaa therefrom information 
regarding the dimensions (e.g. area, height, length, width and vertices) of the scanned 
object and produce data representative thereof as well as the velocity of the 
dimensioned package. 

Many of the details regading the construction of the LADAR-based imaging, detecting 
and dimensioning subsystem 330 IB are taught in Applicants* copending Application Serial 
Nos. 08/949,915 filed October 14. 1997; 08/854,832 filed May 12. 1997; 08/886.806 filed 
April 22. 1997; 08/726^22 filed October 7, 1996; and 08/573,949 filed December 18. 

1995. and International Application No. WO [108-059PCr]. each incorporated 

herein by reference. Notably, the VLD 3340A and ILD 3340B can be realized as a laser 
beam production module having a multi-funaion-HOE (i.e. plate) embedded therewithin as 
taught in Applicants* copending ApplicaUon Serial Nos. 08/949.915 filed October 14. 1997; 
0a^854,832 filed May 12. 1997; 08/886.806 filed i^ril 22. 1997; 08/726.522 filed October 
7, 1996: and 08/573,949 filed December 18, 1995, and International Application No. WO 

[108-059PCT]. The function of these laser beam production modules is to produce 

a pair of focused amplitude-modulated (AM) laser beams having charactetisUc wavelengths 
in both the visible and IR bands of the electromahgnetic spectrum so that the subsystem is 
capable of sensing the color characateristics of packages transported along the conveyor belt. 
It is understood, that more than two laser beam sources can be used to cover the broadest 
possible extent of the spectrum over which packages reflect incident AM laser 
scannin^ranging beams in accordance with the principles of the present invention. As 
shown in Figs. I5G and H, the laser beam scanning mechanism 3341 of Fig. 15 is realized as 
a holographic laser scanning disc 3370 rotaubly mounted on the shaft of an electric motor 
3371 mounted on the optical bench 3372 within the subsystem housing 3373. As shown 
in Fig. 15J1 and J2, the holographic scanning disc of the first illustrative embodiment has 
eight facets each having the same focal distance to essentially produce a collimated laser 
beam over the working distance of the subsystem. The design parameters for each facet on 
the holographic scanning disc of Fig. 15G are set forth in the Table of Figs. 15J1 and 15J2. 
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The design parameters set forth in this table are defined in detail In the above-referenced US 
Patent Applications. Notably, four of the scanning facets have one diffraction angle to 
generate the first AM laser scanning^ranging beam while the remaining four facets have a 
different diffraction angle to produce the second AM laser scanning^ranging beam, to 
generate a pair of angularly seperate scanning beams required by the method of package 
velocity computation employed in the system and depicted in Figs. 31 through 32B. 

As shown in Figs. 15G and 15H. a post-disk beam folding mirror 3374 is mounted 
above the scanning disc 3370, at a tilt angle which causes the reflected laser beams to travel 
above scanning disk, subsuntially parallel to the disk surface, and exit through the light 
transmission window 3373A at the opposite end of the subsystem scanner housing. This 
arrangement allows for a more compact scanner design and Increases the optical path length 
inside the scanner box. In turn, this reduces the optical throw of the scanner (i.e. the 
minimum distance from the scanner window at which the scanner can read). By selecting 
the proper angle of diffraction off the scanning disc, it is possible, with this holographic laser 
scanner design, to minimize, and virtually eliminate, scan line bow so that the scan lines are 
all essentially straight lines. This has a number of important advantages in a variety of bar 
code scanning applications (e.g. when reading high density bar codes with high aspect ratios, 
when reading bar codes with relatively larger errors in orientation, and when reading bar code 
symbols at greater label velocities). 

Alternatively, a second beam folding mirror (not shown) can be mounted within the 
scanner housing, just prior to the scanner window 3373A, in order to direct the AM laser 
beam out a new window formed on the top surface of the scanner, rather than on the side 
surface thereof, as shown in Fig. 15E2. This modification to the scanner design would allow 
the AM laser beam to exit the scanner housing perpendicular to the scanning disk, rather 
than parallel thereto. This mocUfication' would minimize the distance that the scanner 
extends out into the area next to a conveyor system, or it could reduce the required overhead 
space in an overhead scanning application. Other beam folding options are also envisioned. 

As shown in Fig. 15E2, the LADAR-bascd subsystem 330 IB also includes a parabolic 
light collecting mirror 3375 mounted beneath the scanning disc, upon the optical bench 
3372. The function of the light colleaion mirror 3375 is to (1) collect laser light that 
reflects off the scanned package 3364 and transmitted back through the scanning facet that 
generated the respective laser beam, and (2) focus the same to a focal point 3376 on a 
photodetector 3344 mounted on bracket 3377, above the scanning disc and light collection 
mirror 3375 as shown in Fig. 15E2. Preferably, bracket 3377 can be used to support post 
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disc beam folding mirror 3374, as well. Also, photodetector 3344 can be realized as an 
avalanche-type photodetector as described above and shown in greater detail in Fig. 15C. 
The function of photodetector 3344 is to detect collected laser (return) light focused to focal 
point 3376, and produce an electrical signal corresponding thereto. The signal and data 
processing shown in Fig. 15A can be realized on one or more PC boards 3378 and can be 
provided with the necessaiy I/O interfaces required in any particular application. 

The holographic LADAR-based subsystem 330 IB operates in a manner similar to 
subsystem 3301 A, described above. For each sweep of the AM laser beam, raw digital range 
data is generated and processed to produce package dimension type data described above. 
Also, the programmed digital image data processor 3359, or an analog equivalent of the 
genera] type described hereinabove in connection with the other system embodiments hereof, 
the analog signal from photodetector 3344 to produce symbol character data representative 
of bar code symbols on the scanned packages. 

Notably, the holographic LADAR-based imaging and dimensioning systems 330 IB 
described above, without modiftcatton, can also funcrtion as compact single-line, laser scanner 
having very largp depth of field, reduced optical throw, and laser scan lines with minimum 
curvature (i.e. minimum bow). The single line scanner uses a holographic disk to create a 
sequence of scan lines that all leave the disk at the same diffraction angle but have different 
focal lengths. In the first embodiment of this scanner described above, the resulting linear 
scan pattern has six focal planes, providing a very large depth of field for high density bar 
codes. As mentioned above, six different holographic facets for the six focal planes are 
spatially repeated three times around the disk for a toul of eighteen facets on the scanning 
disk. This replication of the basic scan pattern results in a high speed scanner. 

In Fig. 16, there is shown another embodiment of the unitary package identification 
and dimensioning system of Fig. 2A, wherein any of the dual-beam/multi-wavelength 
LADAR-based subsystems shown in Figs. 15 through 1 5) can be modified so that the pair of 
laser scanning beams generated from its polygon scanning mechantsn are projected 
perpendicular to the surface of the conveyor belt along the entire length thereof, using a 
beam folding mirror 2030 and a cylindrical-type focusing element (i.e. cylindrical 
holographic optical element HOE) 2231 as shown in Figs. 16A, through 16C. Such optical 
elements 2230 and 223 1 have been used to transform the subsystem 3301 A of Fig. 1 5B into 
the subsystem 330 IC shown In Fig. 16C, whereas these same optical components have been 
used to transform the subsystem 3301 B of Fig. 15G into the subsystem 3301 D shown in Fig. 
1 6A. Either of these alternative subsystems, the cylindrical lens can be realized using a 
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volume or reflective type holographic optical element (HOE) shown In Fig. 16D, or a 
refractive type lens element as shown in Fig. 16E. In either case, the beam folding mirror 
2230 and cylindrical lens element 2231 each extend along subsuntially the entire length of 
the scanning window of the subsystem, in order to simultaneously project pairs of multi- 
wavelength laser scanning beams substantially perpendicular to the surface of the conveyor 
belt. The holographic and refractive cylindrical elements 223 1 can be made as either a 
single unitary optical element, or can be made in pieces which are then assembled together as 
a unitary structure. Essentially, the cylindrical element 2231 emulates a narrow cross- 
sectional section (slice) of a light coUimatIng lens having an aperture which is substantially 
equal to the length of the width of the conveyor belt along which packages are conveyed. 
The width of the cross-sectional slice is dependent on the angular seperation of the incident 
multi-wavelength AM laser scannin^ranging beams passed therethrough during scanning 
operations. Notably, the advantages associated with the holographic implimentation of this 
optical element is that it will enable the construction of a lighter and more compact device. 

The LADAR-based imaging and dimensioning devices 3501 A and 3501 B described 
above have numerous applications outside of automatic package identifications and 
measurement, described hereinabove. In general, each of these ultra-compact devices of the 
present invention has the following capacities: measuring box size and shape to a tolerance of 
+/- 2 to 3 mm, at 800 scans per second; locate postdons of labels on transported boxes; 
operating from the top of a conveyor belt avoiding the need to make a break therein; identify 
materia] present or not present in tilt trays, slots, etc.; confirming the shapes and sizes of 
objects in tunnel applications (e.g. also solves supermarket check out problem); counting 
people, animals, and other moving items moving through a portal; measuring shape and size 
of items; as well as measuring (or profiling) virtually anything in the three dimension space 
to a tolerance of about 2 mm or so, and generate an accurate coordinate map therefrom. 

Two-Dimensional Range Data Processing Method of Present Invention 

The primary function of the package height/lengthAvklth dimensioning subsystem 
600 is to compute the height, width, length, width and vertice coordinates of packages 
transported along the conveyor belt. This function is carried out using the enabling 
technology provided by the LADAR-based imaging, detecting and dimensioning subsystem 
3301 of the present invention, wherein its 2-D range dau map processor (i.e. image 
processing compute) 3356 of Fig. 15 bears a great deal of the computational burden to carry 
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out such functions for subsystem 600. In practice,, the primary funaion of processor 3356 

is to process rows of raw range dau captured by the LADAR-based imaging, detecting and 

dimensioning subsystem 3301 so that package dimension (PD) daU is extracted therefrom 

and data representative of the package dimension data is produced for use by other 

subsystems in the package identification and measuring system. In accordance with the 

principles of the present invention, this functionality is realized using a novel 2-D range data 

processing method which, as shown in Fig. 17, employs three sugs of preprocessing 

15 operations on the captured rows of range data, indicated as (I) "Smoothing", (2) **Edge- 

detection", and (3) "Background Discrimination". Thereafter, the method employs one 

stage of *'Oata Extraction" operations for extracting package dimension data therefrom. As 

will be described in greater detail hereinafter, the dato extraction stage employs (i) 2-D image 

contour tracing techniques to locate range data indices spatially corresponding to the corner 

points associated with the scanned object (e.g. package), and (ii) geometric transformations 

to compute the height, vertices and surface area of the scanned package. 

25 However, the LADAR-based subsystem 3301 also carries the burden of implimenting 

the package velocity measurement subsystem 400 as well as the PUT indication subsystem 

500 and the predictive-type POOT indication susbsystem 700. Also, the velocity 

measurement computation method of the present invention shown in Figs. 30 to 32B 

^ requires simultaneously capturing and processing two raw data streams obtained from a pair 

of angulariy-separated AM laser scannin^ranglng beams scanned along the width of the 

conveyor belt. Also, shown in the How chart of Fig. 30, compuution of package dimensions 

^ involves knowledge of the package's 

velocity, as indicatd at Block CC in Fig. 30. so that the velocity computation algorithm 

shown In Fig. 31 is nested within the hi^-level data processing method of the present 

Invention schematically depicted in Fig. 30. 

^ Thus, in order to fully appreciate the data processing method used to compute 

package dimensions of the present invention, regardless of whether the package's velocity is 

determined by external sensors as taught in Applicant's International Application No. 

WO [ 108-059PCrrOO] or Is computed using the integrated dual-beam method 

45 — — 

depicted in Figs. 31 through 32B, Applicants ^N^\\ first decribe howpackge dimensions arc 
computed using the general method of the present of the present invention shown in Figs. 17 
through 29B, and thereafter using the integrated methods depicted in Figs. 30 through 32B. 
^ As shown In pig. 1 8, the steps involved in carrying out the preprocessing stages of 

data processing are indicated as Steps Al through A5, described in Blocks A through E In 
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Figs. 20A through 20B, whereas the steps involved in carrying out the data extraction suge 
are indicated as Steps Bl through Bl4» described in Blocks F through S in Figs. 20B 

As indicated at Block A in Fig. 20A, Step Al involves capturing lines (rows) of 
digitized "range data" produced by the laser scanning^ranging unit, during each sweep of the 
amplitude modulated laser beam across the width of the conveyor belt. Each row of raw 
range data has a predetermined number of range value samples (e.g. M=256) taken during 
each scan across the conveyor belt. Each such range data sample represents the magnitude of 
the position vector pointing to the corresponding sample point on the scanned package, 
referenced with respect to a polar-type coordinate system symbolically embedded within the 
LADAR-based imaging, detecting and dimensioning subsystem. As indicated at Block A, 
Step Al also involves loading a predetermined number of rows of raw range dau samples 
into a FIFO-type Preprocessing Data Buffer (e.g. M=9) for buffering 9 rows of range data at 
any instant of time. 

Fig. 21 A sets forth a graphical image of a 2-D range data map synthesized from a 
large number of rows of raw range data captured from the LADAR-bascd imaging, detecting 
and dimensioning subsystem of the present invention, in accordance with the data capturing 
operations specified in Step Al of the flow chart set forth in Figs. 20A througjt 20D. 

As schematically illusuated in block form in Fig. 18, "CONTROL STRUCTURES" 
arc required and used by the LADAR-based subsystem of the present invention. General 
control structures as "divide and conquer," backtracking, dynamic programming etc. support 
the implementation of the specific algorithms used in the LADAR-based subsystem hereof. 
These control structures consist of sequences or loops connecting abstract program modules. 
Window functions or operator kernels employed herein have to be embedded into a general 
control structure (pbcel program loop), organizing the move of placed windows F(p) into all 
(non-border) point positions p of a ^ven image according to a seleaed scan order, ensuring 
that the entire image domain is processed. Allowing small modifications, such a pixel 
program loop can be used for different local operators. For example, logically structured 
operators are characterized by data-depeixtent and/or locatior\-dependent decisioi\s. These 
decisions take place 'v^dthin the pucel program loop, and do not influence the general control 
structure of the program. 

The use of predefined control structures allows often to describe the operators by 
giving only the operator kernel, which plays the role of a subroutine called at each pixel 
program loop. In g^i^eral, the control structure of window operators allows the selection 
between different square windows of it jc if pixel s (odd «), and between pamllel or sequential 
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processing. Special inputs made by the user at the beginning of the control structure. i.e. at 
program start, specify these selections. 

With the input of a special parameter {PARSEQ = 0 or « 1) the user chooses parallel 
or sequential processing. If only parallel processing has to be implemented, then some 
program lines of the control structure can be eliminated. These rows have the label ® in the 
following control structures. 

The structure requires the following data arrays: 
15 Ind(l...if): This array contains the indices of indirect row addressing, for example, the 

initial values are given by DATA iad ( 1 , 2, 3, 4. 5), if n = 5. 

Xind(l .../z ). and these values are used as arguments of the operator kernel (cp. Figure 
3.5). For example, if » « 5 then the following arrays are used: 

DATAxind(l, 1.0, -1,-1 -1,0, 1.2,2,2, 1,0,-1,-2. -2.-2. -2, -2.-1,0, 1,2,2,0); 
DATAylnd(0, 1. 1,1,0, -U-I. -1, 0, 1. 2, 2. 2. 2, 2. 1, 0, -1, -2. -2, -2, -2, -2, -1.0) 



20 



25 The conuol structure uses the following parameters and image files: 

The window size n is assumed to be odd. The value ki: « (r - l)/2 follows after Initializing n. 
® The parameter PARSEQ is specified for selecting parallel {PARSEQ^O) or 

sequential {PARSEQ = I) processing. For label ®, see above. 
^ The original image/ (or several input images in certain ca.ses) and the resultant image 

h (in file OUT) have to be allocated as image files 

Processing follows the scheme as given in Fig. 181. Afterwards ail open image files 
^ must be closed. Many of the operator kernels can be inserted at the location **processing of 

picture window..." of this control structure in Fig. 181. If so then this control stnicture is 

mentioned in the operator pseudo-program at the beginning of point (4). In this way 

repeated listing of identical control structures are avoided. 
^ While the control structure includes row-wise buffering, operations which are 

necessary for opening or allocating an image file, acquiring an image (e.g. 2-D range map) via 

the LADAR-basod scanning mechanism described above, are not contained in this control 
^ structure. Details on "general control structures" are provided in the textbook 

-HANDBOOK OF IMAGE PROCESSING OPERATORS" (1996) by R. Kletpe and P. 

Zamperoni. published by John Wiley and Sons, incorporated herein by reference. 

As indicated at Block B in Fig. 20A, Step A2 involves using, at each processing cycle 
^ and synd^ronized wUh the capture of each new row of raw range data, a 2-D (9x9) window 

function embedded into a general control struaure (e.g. pixel program loop), to "smooth" 
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each line (or row) of raw range data buffered in the M«9 FIFO Data Buffer using Dilution 
and Erosion (D/E) processes based on non-linear type minymax methods well known in the 
image processing art. The output from this non-linear operation is a single row of smooth 
range data of length M=256 which is input to a three row FIFO buffer^ as shown in Fig. 18. 
Details on the operation of the D/E algorithm are provided in the textbook "HANDBOOK 
OF IMAGE PROCESSING OPERATORS" (1996) by R. Kletpc and P. Zampcroni» 
published by John Wiley and Sons, supra. 
fS Fig. 21B sets forth a graphical image of a 2-D range data map after being processed by 

the dau processing operations specifted in Step A2 of the flow chart set forth in Fig^. 20A 
through 20D. 

As indicated at Block C in Fig. 20A, Step A3 involves using, at each processing cycle, 
a 2-D (3x3) convolution kernel based on the Sobel operato» and embedded into a general 
control structure (e.g. pixel program loop), to edge-detect each buffered row of smoothed 
range data of length M=256 which is input to a first one row (N - 1 ) FIFO buffer as shown 
25 in Fig. 18. The output row of "edge-detected" range data represents the first spatial 

derivative of the buffered rows of range data along the n direction of the N=9 FIFO 
(corresponding lo the first spatial derivative of the range data captured along the y direction 
of the conveyor belt). Details on the operation of the D/E algorithm are provided in the 
^ textbook "HANDBOOK OF IMAGE PROCESSING OPERATORS" (1996) by R. Kletpe 

and P. Zamperoni, supra. 

Fig. 21C sets forth a graphical image of a 2-D range data map after being processed by 
the data processing operations specified in Step A3 of the flow chart set forth in Figs. 20A 
through 20D; 

As indicated at Block D in Fig. 20A, Step A4 involves using, at each processing cycle, 
a 7-tap FIR-type digiul filter (HI) to compute the first spatial derivative of the buffered row 
of edge-detected range data along the m direction of the N=9 FIFO (corresponding to the 
first spatial derivative of the range data captured along the x direction of the conveyor belt). 
The output of this operation is stored in a second one row (N=l) FIFO, as shown in Fig. 18. 

Fig. 21 D sets forth a graphical image of a 2-D range data map synthesized from a 
large number of rows of background data removed from rows of raw range data by the data 
processing operations specified in Step A4 of the flow chart set forth in Fig?. 20A through 
20D; 

^ As indicated at Block E in Fig, 208, Step A5 involves analyzing, at each processing 

cycle, the edge^tected derivative stored in the second one row FIFO in order to (1) find the 
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maximum value thereof, and then (2) compare the maximum derivative value to a 
predetermined threshold value. If any of the maximum first derivative values is 1ai]ger than 
the predetermined threshold value, then the unloaded row of smoothed range data (from 
output port of the three row FIFO) is labeled as containing object data, and is loaded into 
the input port of the FIFO-type Object-related Dau Buffer (ODB), also referred to as the T 
Buffer, for future use. Otherwise, the unloaded row of smoothed range data from the three 
row FIFO is labeled as conuining background data and is loaded into the input port of the 
FIFO-type Background Data Buffer (BDB), and possibly also the ODB, for future use. This 
concludes the preprocessing operations performed on the input stream of range data from the 
conveyor belt. The subsequent steps form pan of the Dimension Extraction stage of the 
image data processing method of the present invention. 

As indicated at Blocks F through H in Fig. 20B. Steps Bl through B3 involves 
processing rows of smoothed range data in order to derive a 2-D first spatial derivative of the 
range data map so that 2-D contour tracing can be reliably performed on this spatial 
derivative data, and the indices m and n associated with corner points of the scanned 
package found. These data processing operations are further described in the algorithm set 
forth in Fig. 22. 

As indicated at Block F in Fig. 20B, Step Bl involves computing, at each processing 
cycle and for each column position in the rows of background data in the BDB (referenced 
by index m), the **median value" based on the current rows of background data buffered 
therein. This computational operation is indicated in the first line of Block B in Fig. 22. 

As indicated at Block G in Fig. 20B Step B2 involves subtracting, at each processing 
cycle and for each row of object-related data In the ODB, the precomputed median value 
(BG) from the corresponding range value (f=X), so as to produce a difference value (X-BG) 
for each of the 256 column positions in corresponding row of object-related data being 
buffered in the ODB (also indicated as the "f buffer"), thereby producing a vertical first 
discrete derivative thereof (having a column leng;th M=256). This computational operation 
is indicated in the second tine of Block B in Fig. 22. 

As indicated at Block H in Fig, 20B, Step B3 invohfes smoothing, at each processing 
cycle, the computed vertical first discrete derivative. This can be achieved by convolving the 
same with a 5-tap FIR smoothing filter and truncating the resultant row of smoothed discrete 
derivath^e data to length M=256. Thereafter, the row of smoothed discrete derivative data is 
loaded into the "difr (i.e. derivative) data buffer having m= 256 columns and n= 10,000 or 
more rows (as required by the collected range data map). The output row of discrete 
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derivative dau contains object-related data only, and most background noise vnU be 
eliminated. This computational operation is indicated at Block C in Fig. 22. As shown 
therein, this operation is repeated for each row of smoothed range data until the condition 
set forth in Block D In Fig. 22 is satisfied. When this condition is satisfied, then the control 
structure underlying the data processing method hereof invokes the contour tracing 
algorithm set forth In Fig. 22, and described in greater deuil hercinbelow. 

Fig. 2 1 £ is a graphical image of a differentiated 2-D range data map from 
15 which background data, indicated in Fig. 2 1 D, is subuacted during being processed 

by the data processing operations specified in Steps Bl . B2 and B3 of the flow chart 
set forth in Figs. 20A through 20D. 

As indicated at Block I in Fig. 20B, Step B4 involves performing, at each processing 
cyde, a 2-D image-based contour tracing operation on the discrete derivative data currently 
buffered in the diff data buffer in order to produce an array of m,n cx>ntour points in M-N 
Space (and corresponding to x,y contour points in X-Y Cartesian Space). The contour 
25 tracing algorithm set forth in Fig. 22 can be used to carry out this siep of the data processing 

method hereof. The array of contour points m,n produced by the algorithm will correspond 
to the sides of the polygonal object embodied in the rows of object daU currently buffered 
within the Object Data Buffer, and the output data set produced from this step of the 
method contains extraneous comer points which need to be removed from the produced 
array of contour points. 

The program set forth in Fig. 22A traces contours of objects in a hilevel image. It stores 
35 the encoded contours {Freeman code) into a file. This program could also be extended to an 

image-to-image transformation, e.g. by computing geometrical features (convex hull, 
diameter etc.) for these contours and by visualizing these features. 'J>»cse possible extensions 
are not introduced here, because this would require the development of a composite program 
taking account of too many different geometrical features. 

The program of Fig. 22A performs a complete obfect search in the input image (i.e. the 
diff. Of the 2-D range map). If there are several objects (i.e. 8-components), then the 
45 program finds all of them, and it computes the contour codes of all objects. The input image 

can also be a gray value image, as would the case in many package scanning environments. 
In this case, a global threshold discriminates between object points (gray value higher than 
the threshold) and background points (gray value lower or equal than the threshold.). The 
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resultant file of encoded contours allows an error-free reconstruction of the bilevel input 
imagp. 

The contour encoding algorithm is a fundamental procedure. It is often used in the 
context of shape analysis, of geometrical feature extraction of data-reducing image code 
generation, or of geometrical transformations of bilevel images. Contour codes have the 
advantage that geometrical features of the objea can be computed by means of numerical 
manipulations of the contour code chain, sometimes just based on simple syntax rules. 
f5 Algorithms on contour code chains are very time-efficient in general, and they do not need 

access to the image data. A contour code chain allows an exact reconsuuction of the object. 

The whole process of contour code determination consists of two phases: object 
finding, and contour tracing. The first phase searches the image line-by-line until a reliable 
Initial point of the next object is found. The second phase traces the contour of this object, 
and stores the resultant code sequence into a file. Both phases alternate during the whole 
process until all objects are encoded. 

Details on the operation of the contour uacing algorithm, set forth in Fig. 22A, 
provided in the textbook -HANDBOOK OF IMAGE PROCESSING OPERATORS" (1996) 
by R. Kletpe and P. Zamperoni, published by John Wiley and Sons, incorporated hcreirv by 
reference. 

^ As indicated at Blocks J through M in Fig. 20C, Steps B5 through B8 involves 

processing the m and n indices associated with the traced contours generated in Step B4, so 
as to find the m and n indices of those corner points which qualify as "break points" and 
thus possibly corresponding to the corners of the scanned package. 

As indicated at Block J in Fig. 20C, Step B5 involves storing, at each processing cycle, 
the m,n indices (associated with the comer points of the traced contours) In the x-boundary 
and y-boundaty buffers, respectively. Noubly, the length of the X-boundaiy buffer is 
^ M=256, and the length of the y-boundary buffer is also M=256. This compuUtional 

operation is indicated at Block A in Fig. 23. 

As indicated at Block K in Fig. 20C, Step B6 involves detecting, at cadi processing 
cycle, the m indices associated with "comer points" in the traced contours. This step can be 
achieved by convolving the current discrete data set stored in the x-boundary buffer (of 
length M=256) with the 1 1-tap FIR filter (i.e. low-pass 1st differenUator) and storing the 
resultant discrete m indice data set in the x-temp-array. This computational operation is 
50 in<Ucated at Block B in Fig. 23. 
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Fig. 23 is a flow chart describing the operations carried out during Step B6 and B7 of 
the flow chart set forth in Figs. 20A through 20D. 

As indicated at Block L in Fig. 20C. Step B7 involves detecting, at each processing 
cycle, the n indices associated with the "corner points" in the traced contours. This step can 
be achieved by convolving the discrete data set stored in the y-boundaiy buffer (of length N) 
with the an 1 1-Up FIR digital filter (i.e. low-pass 1st differentiator) and then storing the 
resultant discrete n indicc data set in the y-temp-array. This computational operation is 
15 indicated at Blocic B in Fig. 24. 

Fig. 24 is a flow chart describing the operations carried out during Steps B6 and B7 of 
the flow chart set forth in Fig^. 20A through 20D. 

As indicated at Block M in Fig. 20C, Step B8 involves finding, at each processing 
cycle, the "break points" among the detected comer indices stored in the x-temp-array and y- 
temp-arrays, and buffering the m and n indices associated with these break points In the 
breaks buffer. In essence, the algorithm set forth in Fig. 24 first determines which m indices 
25 in the x_tcmp_array undergoes a "first derivative" zero-crossing, and then detemnlnes which 

n Indices in the y_temp_array undergoes a -first derivaUve" zero-crossing. Any point along 
the traced contour having an m or n index (i.e. coordinate) with a zero value, indicating a 
range peak at the corresponding indices, is deemed to be a "break" point along the traced 
^ contour. A break point can be thought of as a location where the traced contour experiences 

a spatial discontinuity, corresponding to a possible comer point associated with the scanned 
package. 

As indicated at Block N in Fig. 20D, Step B9 involves performing, at each processing 
cycle, linear curve fitting between every two consecutive break points stored in the breaks 
buffer, in order to produce a single line representation thereof. Each line constitutes a side of 
a polygon representation of the object embodied within the structure of the range data map 
buffered in the ODE (i.e. "f data buffer"). For every two consecutive sides of the polygon 
representation, the intersection point is determined, and deemed a comer vertex of the 
polygon. 

Figs. 26A through 26D set forth polygonal contours of the type traced during Step 
B9, having corner points which are reduced using the algorithm set forth in Fig. 25. 

As indicated at Block O in Fig. 20D, Step BlO involves at each processing cycle, 
redudng the comer vertices once all comer coordinates (vertices) have been obtained. This 
^ step can be carried out using the Sharp/Dull Angle Elimination algorithm and close corner 

elimination operators, set forth in Fig. 25. Typically, the final result is a set of m and n 
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indices corresponding to the x and y coordinates associated with the four corners coordinates 
of a cubic box. which set is thereafter stored in a comer coordinate (or indice) array. 

Fig. 25 is a flow chart describing the operations carried out during Step BIO of the 
Row chart set forth in Figs, 20A through 20D.). This algorithm eliminate wrong comers 
produced by the LADAR-based subsystem hereof. Vertex deletion is done is 2 stages where 
vertcxes with too sharp an angle arc deleted in the first. The following, second, stage deletes 
dull vertcxes. 

f5 Fig. 15D1 is an example of an output representing a rectangle with three erroneous 

corners caused by noise. The goal of the algorithm is to combine lines '2\ '3\ '4\ and *5' 
into a single line, therefore vertexes *c'. *d', and 'c' have to be eliminated. The first stage 
searches vertexes 'a' to 'g and eliminates any sharp ones. Vertex 'd* is deleted In the first 
round and the polygon would look like the one in Fig. 26C1 . A second round turns out no 
sharp angles and stage 1 is completed. 

The second suge of the algorithm again searches vertexes 'a* to *g* and eliminates any 
25 dull ones. First, vertex V is deleted, then V. The polygon transformed from Fig. 26C1 to 

Fig. 26C then to Fig. 26D4. A second round in stage 2 also turns out nothing and the 
algorithm yields the polygon in Fig. 26D. 

As indicated at Block P in Fig. 20D. Step BI 1 involves computing the average range 
value of the contour points currently buffered in the ODB so as to provide an average height 
value for the box, and then, for each comer point in the comer coordinate array, use the 
computed average range value to compute the z coordinate corresponding thereto, and 
referenced with respect to the global coordinate frame of reference. 

Having determined the (m,n) indices corresponding to the comer points of the 
scanned package, and the average height of the scanned package, the data processing method 
hereof then proceeds to compute corresponding x and y coordinates for each such set of 
^ comer indices using geometric transformations. As shown in Fig. 27, these geometric 

transformation can be schematically represented in the **polar-coordinate" based geometrical 
representation of the LADAR-bascd imaging, detecting and dimensioning subsystem of the 
^ present invention. 

In particular, as indicated at Block Q in Fig. 20D, Step B12 involves computing the x 
and y coordinates associated with each corner point currently buffered in the corner 
coordinate array and specified by indices m and n. Coordinates x and y are referenced \^th 
^ respea to the global cooidiruite frame. Mathematical expressions for computing these 
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parameters, within geometric transformations implicitly embodied therewithin, can be 
derived using the geometrical model set forth in Fig. 15D. 

According to the geometrical model shown in Fig. 15D, every point scanned by the 
AM laser beam of the LADAR-based subsystem hereof can be specified a position vector 
defmed within a polar coordinate system embodied therewithin, as shown. Each position 
vector can be represented by (R» a), where R is the magnitude of the distance from the light 
source/scarmer (e.g. polygonal or holographic scanning element) to the point on the scanned 
object, and a is the angle of the position vector emanating from the start of scan point, as 
reference in Fig. 15D, and where the SOS pulse photodetector 3352A in Fig. 15A is located. 
The value R is obtained through the phase detection output from A/D conversion circuit 
3348. The value a is obtained from the sampling set up, using the SOS pulse generator 
3352, shown in Fig. 15A. For example, if a toul of M points were sampled at a constant 
interval from the start of scanning line to the stop scanning line, as shown in Fig. 15D, and 
the point in question in the m**" sampling, then a = m/M. 

In view of the faa that the polar-coordinate based LADAR unit hereof 3501 and 
3502 produces accurately measured values for parameters (R, a, m), the data processing 
method hereof must employ a geometric transformation between (R, a, m) and (H, x. y), 
Cartesian coordinate parameters referenced relative to the global coordinate reference 
employed by the greater system for package data tracking operations and the like. A suitable 
geometrical transformation for (R, a, m) — (H, x, y) is set forth below.. 

The first parameter in (H, x. y), namely "H", the height of the scanned object (e.g. 
package), can be computed using the formula: 

H « D-RSIn(n/2 -8i/2 + a) 

The second parameter in (H, x, y), namely, "x**, the position of the sampling point 
with respect to the edge of the conveyor belt can then be computed using the formula: 

X « w/2 - RCos(f^ - 0/2 + a) 

assuming the LADAR-based unit is mounted at the center of the conveyor belt (i.e. at w/2). 

Finally, the third parameter in (H. x. y), namely "y", the coordinate along the belt's 
travelling direction, can be computed using the following formula: 
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where u is the velocicy from the tachometer (3803). 

As indicated at Block R in Fig. 20D. Step B13 invoK^es computing the surface area of 
the object represented by the contours currently represented in the contour buffer, using the 
m,n coordinates associated with the comer vertices m and n currently buffered in the comer 
1$ coordinate array. 

The algorithm set forth in Fig. 28 sets forth surface computation operations which 
can be carried out during Step B13 of the flow chart set forth in Figs. 20A through 20D. 
Figs. 29A and 29B set forth polygonal contours which illustrative the method of package 
surface area compuUtion carried out during Step Bl 3 of the flow chart set forth in Figs. 20A 
through 20D. 

The algorithm shown in Fig, 28 computes the area of the polygon*shaped package by 
25 summing the areas of the triangles that made up the polygon. For example* the polygon 

shown in Fig. 29A is made up of 5 triangles. The area 012, 023, 034, and 056 are positive 
and is negative for 045, In order to determine the polarity of the triangle (OAB)'s area, 
angles of the 2 vectors OA and OB need to be computed. If the angle of OB is bigger than 
^ OA, the area is positive, othervwse negative. The package's area will be the absolute value of 

the above sum. 

As indicated at Block S in Fig. 20D, Step B14 involves outputting. for the 
^ geometrically represented object (which has been scanned and data-sampled), the computed 

surface area, height, and comer x.y coordinates thereof, referenced with respect to the global 
coordinate reference frame. 

In summary, the LADAR-based imaging and profiling subsystem of the present 
^ invention is capable of performing two distina functions: by analyzing the phase difference 

between the transmitted AM laser beam, and the received (i.c. return) AM laser bean, the 
subsystem can geometrically profile virtually any object that is passed; also, by analyzing the 
magnitude of the return AM laser beam, the subsystem can generate a video image of the 
object (e.g. box or package or whatever) that is moved across the transmitted AM laser beam. 

In alternative embodiments, it would be desirable to use blue WLDs with a 
characteristic wavelength of about 405iun (now commercially available from Nichia, of Japan 
^ in order to generate xhc AM laser beam having a high resolution and long DOF. lliis would 

enable the LADAR-based imaging and profiling subsystem hereof to capture fairly high 
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resolution images of scanned objects and thus read ID and 2D bar code symbols embodied 
in the structure thereof, and thus be successfully decoded. Also, by providing mechanisms 
for causing the AM laser beam to be locally "dithered" about a reference direction, it should 
be possible to produce high density raster scanning patterns for read labels bearing text and 
the like using OCR techniques, well known in the art. Furthermore, the LADAR-based 
imaging and profiling subsystem of the present Invention can be used in systems, wherein the 
AM laser beam produced therefrom is used to locate the label (e.g. text or bar code symbol 
label), while a high speed rastered laser beam is steered to the located label and aggressively 
scanned therewith in order to read the label. 

Having described the general method of package dimensioning, it is now appropriate 
to discuss a more specialized version involving the use of a dual-beam method of velocity 
computation that is nested within the package dimension computation method at Block CC. 

As indicated at Blocks AAI and AA2 in Fig. 30, the specialized method using an 
integrated technique of package velocity computation (requiring the use of dual angularly- 
separated AM laser beams) involves the image processing computer 3356 in Fig. 15 
performing steps Al throughBlO in Figs, 18 through 20D for raw data coUleaed from laser 
beams Nos. 1 and 2. and then buffer the resulting "corner coordinate array" data sets in 
seperate buffers (beam buffer No. 1 and beam buffer No. 2 ). Then, at Block CC, the 
computer computes the velocity of the package (v) by analysing the comer coordinate array 
data sets buffered in bufcrs Nos. 1 and 2, in accordance with the computational method 
illustrated in Fig. 31 , and supporting schematics set forth in Figs. 32 through 32B. Then, 
after having computed the velocity measure at Block CC, the image processing computer 
3356 proceeds to Blocks DDI and DD2 to perform steps Bl Ithrough B12 to obtain the 
packages's surface area, length, width height and vertioe coordinates, based on information 
collected from the different AM laser beams. At Block EE, the dimension data results can be 
combined using various criteria to provide a final package dimension data set- 

The Package^In-Tunnel Signaling Sub system Of The First Illustrative Embodiment Of The 
Present Invention 

As shown in Fig. 33A, the package-in-the-tunncl (PITT) indication subsystem shown 
in Fig. 3 can be realized using any of the LADAR-based imaging, detecUng and dimensioning 
subsystems depicted, in Fi^. 15 through 15IC wherein the extreme portion of one of the 
amplitude modulated (AM) laser scanning beams produced by the LADAR-based imaging, 
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detecting and dimensioning subsystem Is used to generate an object sensing beam is reflected 
off mirror 2005 across the width of the conveyor belt of the system, is refleaed off mirror 
2007 on the opposite side of the conveyor belt, and is eventually detected at a prespecified 
"time window^ and processed in effort to detect the presence or absence of packages being 
transported along the conveyor belt. Upon delecting a package into the tunnel, the 
subsystem 500 then generates a package-out>of-tunnel (POOT) data element which is 
provided to subsystem 100 as described hereinbelow. Also, such information can be used to 
f5 confirmA^aiidate package dimension data generated by the package heightAvidth/length 

profiling subsystem 600 shovm in Fig. 3. In the event that the computed package 
dinmension data does not appear reliable, for whatever reason, then the PUT 
indication/signal subsystem 500 can compute the length of the detected package, and 
provide this information to the package queuing, processing and handling subsystem 1000, 
as will be described in greater detail below. 

As shown in Fig. 33 B, the packagc-in-the-tunnel (PITT) Indication subsystem shown 
25 in Fig. 3 n>ay also be realized using any of the LADAR-based imaging, detecting and 

dimensioning subsystenns depicted in Figs. 1 6 through 15K, wherein the extreme portion of 
one of the amplitude modulated (AM) laser scaruiing beams produced by the LADAR-based 
imaging, detecting and dimensioning subsystem is used to generate an object sensing beam is 
^ reflected off mirror 2005 across the viidth of the conveyor belt of the system, is reflected off 

mirror 2007 on the opposite side of the conveyor belt, and is eventually detected at a 
prespecified "time window" and processed in effort to detect the presence or absence of 
2g packages being transported along the conveyor belt. Upon detecting a package into the 

tunnel, the subsystem 500 then generates a package-out-of-tunnd (POOT) data element 
which is provided to subsystem 100 as described hereinbelow. Also, such information can be 
used to confimVValidate package dimension data generated by the package 
^ height^vidth/length profiling subsystem 600 shown in Fig. 3. In the event that the computed 

package dinmension data does not appear reliable, for whatever reason, then the PUT 
indication/signal subsystem 500 can compute the length of the detected package, and 
^ provide this information to the package queuing, processing and handling subsystem 1 000, 

as will be described in greater detail below. 

Referring to Fig. 34. these is shown a flow chart describing the major steps associated 
with a generalized method of package (i.e. object) detection along a conveyor belt using a 
^ portion of the amplitude-modulated laser scanning beam generated by the LADAR-based 

ima^ng, detecting, and dimensioning subsystem of the present invention. As indicated at 
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Block A in Fig. 34, the method involves generating a SOSC pulse signal as an AM laser 
scanning beam is scanned along the edge of the conveyor belt by LADAR-based subsystem 
3301. As illustrated in Fig. 35B, the SOSC pulse signal is generated by photodetector 335 
and pulse generator circuit 335A shown in Fig. 15. As indicated at Block B in Fig. 34, the 
SOSC pulse signal is used to generatca predefined time-window (e.g. 100 microseconds) over 
which detection of sensor signal (produced by absorptive strip 2010 shown in Fig. 1 5A) and 
depicted in Fig. 35A, will occur. As illustrated in Fig. 35C, the time window signal can be 
/5 generated in various ways depending on the type of impli mentation involved. As indicated at 

Block C in Fig. 34. the object sensing signal (illustrated in Fig. 35A) is produced and changes 
in the intensity of returned object sensing signal are detected during the predefined time- 
window using first derivative signal processing and thresholding techniques in effort to detect 
either the leading or falling edge of the sensor pulse signal shown in Fig. 35A Finally, as 
indicated at Block D, an ob|ect detection signal is generated in response to deteaing the 
sensor pulse signal within the prespecified time window. For each such output signal 
25 generated, a PUT data element is produced to indicate that an object has entered the 

scanning tunnel. 

Figs. 36A through 36C describe a software implimcntation of the PU T indication 
subsystem 500 described above and generally illustrated in Figs. 33A through 33C. Fig. 36A 
shows a digital representation of an exemplary object sensing signal which has been derived 
from a selected portion of the AM laser scanning beam generated by the lADAR-based 
subsystem of the present invention. A time-windowed portion of this signal is digitally 
processed by a FIR-type digital filter so as to compute a first derivative signal thereof. The 
output data set is then compared against threshold values to determine whether or not a 
package is present or absent from the conveyor belt over the time period (i.e. time window) 
of interest, as required by the package-in-the-tunnel (PITT) indication subsystem shown in 
^ Fig. 3, as well as the package height, width and length profiling subsystem of Fig. 3. Fig. 36B 

provides a schematic representation of the weights (i.e. coefficients) used in the FIR-type 
distal filter. Fig. 36C shows a digital representation of the output of the FIR ctig^tal filter. 

A hard-ware ixhplementation of the PITT indlcadon subsystem 500 is shown in Fig?. 
37 through 39. Like the software based implimentation described above, this 
impli mentation too is based on object sensing techniques involving the use of a selected 
portion of the AM laser scanning beam produced by the LADAR-baised imaging, detecting 
^ and dimensioning subsystem of Fig. 3. As shown in Fig. 37, the PUT subsystem 500 

comprises a number of subcomponents, namely: a start-of-object-sensing cycle (SOSC) pulse 
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detecting and dimensioning subsystem is used to generate an objea sensing beam is reflected 
off mirror 2005 across the width of the conveyor belt of the system, is reflected off mirror 
2007 on the opposite side of the conveyor belt, and is eventually detected at a prcspccified 
-time window" and processed in effort to detect the presence or absence of packages being 
transported along the conveyor belt. Upon deteaing a padcage into the tunnel, the 
subsystem 500 then generates a padcage-out-of-t\mnel (FOOT) data dement which is 
provided to subsystem 100 as described hereinbelow. Also, such information can be used to 
confinrvValidate package dimension data generated by the package height/width/length 
profiling subsystem 600 shown in Fig. 3. In the event that the computed package 
dinmension data does not appear reliable, for whatever reason, then the PIIT 
indication/signal subsystem 500 can compute the length of the detected package, and 
provide this information to the package queuing, processing and handling subsystem 1000. 
a.s will be described in greater detail below. 

As shown in Fig. 33B. the package-in-the-tunnel (PITT) indication subsystem shown 
in Fig. 3 may also be realized using any of the LADAR-bascd imaging, detecting and 
dimensioning subsystems depicted in Figs, 16 through 15K. wherein the extreme portion of 
one of the amplitude modulated (AM) laser scanning beams produced by the LADAR-based 
imaging, detecting and dimensioning subsystem is used to generate an object sensing beam is 
reflected off mirror 2005 across the width of the conveyor belt of the system, is reflected off 
mirror 2007 on the opposite side of the conveyor belt, and is eventually detected at a 
prespecified "time window" and processed in effort to detect the presence or absence of 
packages being transported along the conveyor belt. Upon deteaing a package into the 
tunnel, the subsystem 500 then generates a package-out-of-tunnel (FOOT) data element 
which is provided to subsystem 100 as described hereinbelow. Also, such information can be 
used to confirm/validate package dimension data generated by the package 
heightAvidth/length profiling subsystem 600 shown in Fig. 3. In the event that the computed 
package dinmension data does not appear reliable, for whatever reason, then the PIIT 
indication/signal subsystem 500 can compute the length of Uie detected package, and 
provide this information to the package queuing, processing and handling subsystem 1000, 
as will be described in greater detail below. 

Referring to Fig. 34, these is shown a flow chart describing the major steps associated 
with a generalized method of package (i.e. object) detection along a conveyor belt using a 
porUon of the amplitude-modulated laser scanning beam generated by the LADAR-bascd 
imaging, detecting, and dimensioning subsystem of the present invention. As indicated at 
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Block A in Fig. 34, the method involves generating a SOSC pulse signal as an AM laser 
scanning beam is scanned along the edge of the conveyor belt by LADAR-based subsystem 
3301. As illustrated in Fig. 35B, the SOSC pulse signal is generated by photodetector 335 
and pulse generator circuit 335A shown in Fig. 15- As indicated at Block B in Fig. 34. the 
10 SOSC pulse signal is used to generatea predefmed time-window (e.g. 100 microseconds) over 

which detection of sensor signal (produced by absorptive strip 2010 shown in Fig, ISA) aini 
depicted in Fig. 35A, will occur. As illustrated in Fig. 35C, the time window signal can be 
generated in various ways depending on the type of implimentation involved. As indicated at 
Block C in Fig. 34, the object sensing signal (illustrated in Fig. 35 A) is produced and changes 
In the intensity of returned object sensing signal are detected during the predefined time- 
window using first derivative signal processing and thresholding techniques in effort to detect 
20 either the leading or falling edge of the sensor pulse signal shown in Fig. 35 A. Finally, as 

indicated at Block D, an objea detection signal is generated in response to detecting the 
sensor pulse signal within the prespeciBed time window. For each such output signal 
generated, a PUT data element is produced to indicate that an object has entered the 
scanning tunnel. 

Figs. 36A through 36C describe a software implimentation of the PUT indication 
subsystem 500 described above and generally illustrated in Figs. 33A through 33C. Fig. 36A 
30 shows a digital representation of an exemplary object sensing signal which has been derived 

from a selected portion of the AM laser scanning beam generated by the lADAR-based 
subsystem of the present invention. A time-windowed portion of this signal Is digitally 
processed by a FlR-type digital filter so as to compute a first derivative signal thereof. The 
output data set is then compared agairtst threshold values to determine whether or not a 
package is present or absent from the conveyor belt over the time period (i.e. time window) 
of interest, as required by the package-in-the-tunncl (PITT) indication subsystem shown in 
40 Fig- 3, as well as the package height, width and length profiling subsystem of Fig, 3, Fig, 36B 

provides a schematic representation of the weights (i.e. coefficients) used in the FlR-type 
digital Biter. Fig. 36C shows a digital representation of the output of the FIR digital filter. 

A hard-ware implementation of the PITT indication subsystem 500 is shown in Figs. 

45 

37 through 39. Like the software based implimentation described above, this 
implimentation too is based on object sensing techniques involving the use of a selected 
portion of the AM laser scanning beam produced by the LADAR-based imaging, detecting 
50 and dimensioning subsystem of Fig. 3. As shown in Fig. 37, the PUT subsystem 500 

comprises a number of subcomponents, namely: a start-of-ob|ect-senslng cycle (SOSC) pulse 
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gcneraUon circuit 335A and photodetector 335; LADAR-bascd photo-deteaion circuit 334 
and avalanche photodetector 3344; an analog object detection circuit 2260; and controller 
circuit 2262 (e.g. a programmed field programmable gate array (FPCA) device), having object 
detection window signal generation capabilities embodied thcrcwithin, as specified by Figs. 
35A through 35C, described above. 

An analog drcuit implementation of the analog object detecUon circuit 2260 is 
shown in Fig. 37. The funcUon of this circuit is to perform a first derivative function on the 
analog intensity varying object sensing signal (shown in Fig. 35A) over a 
prespcdfied/controllcd Ume period {i.c. time-window) (indicated in Fig. 35Q» and thresholds 
the first derivative signal to determine whether or not an package is present or absent from 
the conveyor belt over the time-window based on the detection of the objca sensor signal 
(shown in Fig. 35A), and generate a digital output signal to indicate the state of such 
determinations. 

The digiul circuit implimentation of the controller circuit 2262 is shown in Rg. 38. 
Its functions are to control the sampling of the intensity varying input signal, generating the 
time-window signals for circuit 2260 (referenced to the SOSC pulse signal input and a 
programmable time delay parameter provided by LDIP controller 2001. In practice, there 
arc many way in which to realize the generalized method shown in Figs. 33A through 35C. 

The Package-Out^f The-Ti innel Indication Subsystem Of The Illustrative Embodiment Of 
The Present Invention 

In the illustrative embodiment, the POOT indication subsystem 700 is realized as a 
predicUve system in which, time stamped PITT data elements are provided to the POOT 
system 700 for each package detected as entering the scanning tunnel, and based on the 
velocity of the package, the LDIP conuoller 2001 can generate a POOT data element for 
supply to subsystem 1000 when the corresponding package has predictively travelled to the 
output point of the scanning tunnel (at the detected velocity) some time delay later. 
Alternatively, although less preferred, a LDIP device 3301 or other object sensing devic can 
be mounted at the ejdt of the scanning tunnel to detected when a package has exited the 
scanning tunnel and generating a POOT dau element each time such an occurrance has been 
detected. 

The In.Motion Package Weighing Subsystem Of The First Illu strative Embodiment Of The 
Present Invention 
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As shown in the Fig. IC and ID, the in-motion package weighing subsystem 750 is 
preferably arranged about the package hetghtAvidth profiling subsystem 600. As shown, the 
in-motion weighing subsystem 750 comprises: a scale platform integrated with the conveyor 
subsystem 300. for producing analog or digital weight signals indicative of the weight of a 
package(s) moving across the scale platform ; a filtering circuit for filtering the analog or 
digital weight signals in order to remove noise components and artifacts therefrom; and a 
signal processor for processing the filtered weight signals in order to produce a digital word 
representative of the measured weight of the package. Notably, the in-motion weighing 
subsystem of the illustrative embodiment can be used to realize using the 9480 
EXPRESSWEIGHT™ In-Motion Variable Box and Package Weighing System from Mettler- 
2Q Toledo, Inc. of Worthington. Ohio. 

The Data Element Queuing. Handling And Proce ssing Subsystem Of The First Illustrative 
Embodiment Of The Present Invention 

25 

In Fig;s. 40Aand 40B. the structure and function of data element queuing, handling 
and processing subsystem 1000 is shown in greater detail. As shown in Figs. 40A and 40B. 
all data elements entering subsystem 1000 are provided to an I/O subsystem 1001 , the 

30 output port of which is connected to a data element time-sUmpIng unit 1002 that is 

controlled by a timin^control unit 1003. In the illustrative embodiment, there are four 
possible types of data elements that might be loaded into the system event queue 1004, 
realized as a FIFO data struaure known in the computing art. As shown in Figs. 40A aiul 

^ 40B. the four possible data element types are: package data elements: scan beam data 

elements; package-in-tunnel (PIT) data elements; and package out-of-tunncl (FOOT) data 
elements. 

40 As shown in Figs. 40A and 40B, the data element queuing, handling and processing 

subsystem 1 000 further comprises a number of other modules, namely: a moving package 
tracking queue 1005. realized as a FIFO data struaure known in the computing art, for 
queuing package data elements, package-in-tunnel (PIT) data elements and package out-of- 
tunnel (FOOT) data elements; and a data element analyzer 1006 (e.g. programmed 
microprocessor and associated memory structures) for reading the different types of dau 
elements from the output of the system event queue 1004 and analyzing and handling the 
5Q same according to the Data Element Handling Rules set forth in Figs. 41A1 and 4IB. 
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^ As shown in Fig. 40A. scan beam dau elements generated from "holographic type" 

laser scanning subsystems shown in Fig. 4A1 must be processed using a system of dau 
processing modules illustrated in Figs. 40A and 40B. As shown in Figs. 40A and 40B, this 
system of data processing modules comprises a dau element combining module 1007A for 
10 combining (i) each scan beam data element generated from -holographic-type" laser scanning 

subsystems and accessed from the system event queue 1004 with (ii) each and every package 
data element in the moving package tracking queue 1005, so as to produce a plurality of 
combined data element pairs; a package surface geometry modeling module 1 008A for 
generating a geometrical model for the package represented by the package daU element in 
each combined data element pair produced by the data element combining module 1007 A; a 
homogeneous transformation (HG) module 1009A for transforming (i.e. converting) the 
20 coordinates of each package surface geometry model produced at the "dimensioning 

position" in the global coordinate reference frame l^uip if^to package surface geometry 
model coordinates at the "scanning position" within the scanning tunnel (i.e. displaced a 
disunce z from the package dimensioning position); a scan beam geometry modeling module 
101 OA for generating a geometrical model for the laser scanning beam represented by the 
scan beam data element in each combined dau element pair produced by the data element 
combining module 1007A; a homogeneous tranjsformaUon (HG) module 1011 A for 
30 transforming (i.c. converting) the coordinates of each scanning beam geometry model 

referenced to the local frame of reference symbolically embedded within the holographic laser 
scanning system, into scanning beam geometry model coordinates referenced to the global 
coordinate reference at the "scanning position" within the scanning tunnel; a scan 
beam and package surface intersection determination module 1012A for determining, for 
each combined daU element pair produced from the data element combining module, 
whether the globally-referenced scan beam model produced by the HG transformation 
module 1009A intersects with the globally-referenced package surface model produced by the 
HG transformation module lOllA. and if so. then the data output subsystem 1013A 
produces, as output, package identification dau, packagp dimension dau (e.g. height, width 
dau etc.), and package weight data, for use by auxiliary systems associated with the tunnel 
scanning system of the present invention. 

Scan beam dau elements generated from "non-holographic type" laser scanning 
subsystems must be processed using a different system of daU processing modules than that 
shown in Figs. 40A and 40B. Such alternative methods are desribed in Applicants*s 
IntemnaUon Application No. WO [108^59PCT000], supra. Such methods can be 
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^ applied to polygonal-type scanning methods, as well as ID and 2D image scanning methods. 

as employed for example in the system embodiments described in Fig?. 49 and 53. to be 
described in detail hercinbelow. 

Having described the overall structure and function of the dau element queuing. 
iO handling and processing subsystem 1000. it is appropriate at this juncture to now bricOy 

describe the operation thereof with reference to Figs. 40A and 40B. 

Prior to loading into the system event queue 1004, each data element is time-stamped 
(i.e. T,) by the timing stamping module 1002 driven by a master tzlock within timing/tontrol 
unit 103 referenced to the global reference frame Rjw»,. All daU elements in the system 
event queue 1004 arc handled by a data element analyzeoliandler 1006 which is governed by 
the table of Data Element Handling Rules set forth in Figs. 41A and 41 B. In general. 
20 subsystem 1000 is best realized by a computing platform having a multi-taslcing operating 

system capable of handling multiple "threads" at the same time. 

Each package moving through the scanning tunnel will be represented by a data 
element (i.e. an object in an object-oriented programming environment e.g. Java 
programming environment) stored in a moving package tracking queue 1005 operably 
connected to the data element handler 1006. Package data elements are placed in the 
moving package tracking queue 1005 and matched with eadi scan beam data element 
30 accessed from the system event queue 1004 using a data clement combining module 1007A. 

Scan beam data elements generated from holographic-based scanning units are processed 
along the scan data processing channel illustrated by blocks 1008A. 1009A, lOlOA. 101 lA. 
l012A.and 1013A set forth in Rgs. 40A and 403. This is because scan beam data elements 
generated from hoiographic-based scanning units have been generated from User scanning 
beams (or finite scanning sectors) which can be tracked with scan package identification data 
by tracking facet sectors on the scanning disc in issue. 

40 

Vhe Package Surface Geometfv Modeli ng Subsystem Of The First Illastrative Embodiment 
Of The Present Invention 

As shown in Fig. 42, a surface geometry model is created for each package surface by 
the package surface geometry modeling subsystem (i.e. module) 1008A deployed with the 
dau element queuing, handling and processing subsystem 1000 of Fig, 40A. In the 
illustrative embodiment, each surface of each package transported through package 
SO dimensionin^measuring subsystem 600 is mathematically represented (i.e. modeled) using at 

least three position vectors (referenced to x=0, y«0, z=0) in the global reference frame 
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and a normal vector to the package surface indicating the direcUon of incident light 
reflection therefrom. The table of Fig, 43 describes a preferred procedure for creating a 
vector-based surface model for each surface of each package transported through the package 
dimensioning^measuring subsystem 600 hereof. 

The Scan Beam Geometry Modeling Sub system Of The First Illustrative Embodiment Of 
The Present Invention 

As shown in Figs. 44A1 through 44A2. a vector-based model is created by the scan 
beam geometry modeling subsystem (i.e. module) lOIOA, for the propagation of the laser 
scanning beam (ray) emanating from a particular point on the facet, to Its point of reflection 
on the corresponding beam folding mirror, towards to the focal plane determined by the focal 
20 length of the facet. 

The table set forth in Figs. 44B1 through 44B3 define the parameters used to 
construct the diffraction-based geometric optics model of the scanning facet and la.scr 
scanning beam.shown in Figs. 44A1 and 44A2. Details of this modeling procedure can be 
found in Applicant's copending Application No. 08/726,522 filed October 7. 1996; and 
Ofi/573,949 filed December 18, 1995. 

Fig. 44D provides a schematic rcpresenuUon of the laser scanning disc shown in Fi^. 
30 44A1 and 44A2, labeled with particular parameters associated with the diffraction-based 

geometric optics model thereof. 

In Fig. 45, a preferred procedure is described for creating a vector-based ray model for 
laser scanning beams which have been produced by a holographic laser scanning subsystem 
of the system hereof, that may have collected the scan data associated with a decoded bar 
code symbol read thereby within the tunnel scanning subsystem. 
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The Scan Surface Modeling Sub.svstem O f The First IlliKtrative Embodiment Of The PrgSept 
Invention 

Fig. 46 schematically shows how the scan surface modeling subsystem (i.e. module) 
shown of Figs. 40A and 40B can be used to define a vector-based 2-D surface geometry 
model for each candidate scan beam generated by the polygonal-based bottom scanners in 
the tunnel scanning system. As shown In Fig. 46. each omnidireaional scan pattern 
produced from a particular polygon-based bottom scanning unit is mathematically 
represented (i.e. modeled) using four position veaors (referenced to x«0, y=0, z«0) In the 
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g global reference frame and a normal vector lo the scanning surface indicating the 

direction of laser scanning rays projeaed therefrom during scanning operations. 

The Homofeneous (HG> Transformation Module Of The First Iliii^trative Embodiment Of 
iO The Present Invention 

Figs. 46 and 47 schematically describes how the homogeneous (HG) transformation 
module 1009A of Figs. 40A and 40B uses homogeneous transformations to convert a vector- 
based model within a local scanner coordinate reference frame Rioeabanna} >»^to a corresponding 
vector-based model created within the global scanner coordirmte reference frame R^|. This 
mathematical technique is essential in that it converts locally-referenced coordinates used to 
represent a laser beam (which scanned a bar code symbol) into globally-referenced 
20 coordinates used to represent the same laser scanning beam. 

Fig. 46 describes how the homogeneous (HG) transformation module lOlOAof Fig. 
22 uses homogeneous transformations to convert a vector-based package surface model 
specified within the global coordinate reference frame at the "package heightAvidth 
profiling position", into a corresponding vector-based package surface model created within 
the global coordinate reference frame Rg^ai specified at the "scanning position" within the 
tunnel scanning system. This mathematical technique is essential in that it converts locally- 
30 referenced coordinates used to represent a package surface into globally-referenced 

coordinates used to represent the same package surface. Notably, this method of coordinate 
conversion involves computing the package travel distance (z=d) between the package 
heightAvidth profiling and scanning positions using (1 ) the package or conveyor belt velocity 
(v) and the difference in time (i.e. Ar=Tl-T2) indicated by the time stamps (Tl and T2) 
placed on the package data element and scan beam data element. respecUvely, matched 
thereto during each scan beam/package surface intersection determination carried out within 
40 module 1012A in the daU element queuing, handling and processing subsystem 1000 of 

Figs. 40A and 40B. Notably, this package displacement distance z=d between the profiling 
and scanning positions is given by the mathemaUcal expression d= v AT. 
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The Scan Beam And Package Surface Intersec tion Determination Subsvstem Of The First 
Illustrative Embodiment Of The Present Invention For Use W ith Scan B^am Data Elements 
Produced Bv Holographic Scanning Subsystems 

Figs. 48A and 48B, taken together, describes a procedure which is carried out within 
the scan beam and package surface intersection determination module 1012A of the 
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illustrative embodiment in order to determine whether (i) the scan l>eam (rays) associated 

5 

with a particular scan beam dau clement produced by a holographic scanning subsystem 
intersects with (ii) any surface on the package that has been scanned at a particular scanning 
position, and thus whether to correlate a particular package identification data clement with 
10 particular package measurement dau element acquired by the system. 

As indicated at Block A in Rg. 48A, the first step of the procedure involves using the 
minimum and maximum scan rays models of the laser scan beam to determine the 
intersection point between the scan ray and a surface on the package (using the vector-based 
models thereoO referenced to the global coordinate reference frame. As indicated at Block B 
in Fig. 48A, if an intersection point has been determined at Block A. then confirm that the 
sign of the normal vector of the surface is opposite the sign of the scan ray direaion vector. 
20 As indicated at Block C in Fig. 3 1 A, if the sign of the normal vector Is opposite the sign of 

the scan ray direction vector» then determine if the intersection point (found at Block A) falls 
within the spatial boundaries of the package surface. As indicated at Block D in Fig. 48B, if 
the intersection point falls within the boundaries of the surface, then output a data element 
to the output queue in the data output subsystem 10 13 A, wherein the data clement 
comprises package identification data and dau representative of the dimensions and 
measurements of the package by the system for use by other subsystems. When a scan beam 
30 dau element taken from the system event queue 1004 is correlated with a package dau 

element using the above described method, then the subsystem 1(X)0 outputs a daU element 
(in an output data queue 101 3A) conuining the package ID data and the package 
dimensional and measurement daU. Such daU elements can be displayed graphically, 
printed out as a list, provided to sorting subsystems, shipping pricing subsystems, routing 
subsystems and the like. 

40 Unitary Package Identification And Dimensioning Svste m Constructed According To A 

Second Illustrated Embodiment Of The Present Invention; 

Referring now to Rg^. 49 through 52, a unitary package IdentiflcaUon and 
dimensioning system of the second illustrated embodiment 3000 will now be described in 
detail. 

As shown in Fig. 49, system 3000 mounted above a conveyor belt like the system 
shown in Figs. lA through ID, and employs a LADAR-based imaging, detecting and 
dimensioning subsystem 3301 as described above, and an automatic bar code symbol reading 
system 3001 employing a 1-D (i.e. linear) CCD-based scanning array 3002 (having 6000 
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pixels to cover 48" at 130 dots/inch resolution), below which a light focusing lens 3003 is 
mounted for imaging bar coded packages transported thcrebeneath and decode processing to 
read such bar code symbols in a fully automated manner without human intervention. 

Fig. 50 shows that this uniury system 3000 is similar to system 1 except that it 
employs a 1-D (i.e. linear) CCD-based bar code symbol reading subsystem 3001 to read bar 
code symbols on packages, rather thana holographic scanning system. In all other respects, 
these systems are similar in operation. 

Fig. 51 illustrates the relative spatial relation between the global coordinate 
reference system symbolically embedded within the unitary package 
identification system 3000, the local coordinate reference system R|i>ip symbolically 
embedded within the package imaging, detecting and dimensioning subsystem 3301, 
the local coordinate reference system Rccd symbolically embedded within the ID 
CCD array within the bar code symbol reading system 3001 . Also, Fig. 52 illustrates 
that all coordinates referenced with respect to one of the local coordinate systems * 
depiaed in Fig. 51 are converted to the global coordinate reference system tjsing 
homogeneous transformations, as practiced in the first system embodiment described 
above. In this system, the scan surface and package surface intersection 
determination subsystem will be modified to account for the fact that images of bar 
code symbols are captured and read and not scanned by laser scanning beams. To 
address this fact, the center of the image read by by the ID CCD-based bar code read 
by subsytem 3001 is determined relative to the local coordinate system embedded 
within the ID CCD camera system, and then such cooridinates are converted back to 
the ^obal coordinate reference frame embedded within the unitary system 3000. 
This enables the system to determine whether there is an intersection between a 
particular bar code read by the ID CCD scanner 3001 and a package dimensioned 
by subsystem 600. 

Unitaiv Package Identification And Dimens ioning System Constructed Acoordiny To A 
Thini Illustrated Embodiment Of The Prese nt Invention: 

Referring now to Figs. 53 through 56. a unitary package identification and 
dimensioning system of the second illustrated embodiment 3000 will now be described in 
detail. 
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As shown in Fig. 53, system 4000 mounted above a conveyor belt like the system 
shown in Figs. lA through ID, and cxjmprises: a LADAR-based imaging, detecting and 
dimensioning subsystem 3301 as described above; a low-resolution CCD camera 4001 
(having 640X640 pixels) to locate the x,y position of bar code labels on scanned packages; 
and an automatic bar code symbol reading system 4002 comprising a sutionarily-mounted 
light focusing lens 4003 mounted below a vertically-translatable (along the z axis) 2-D CCD- 
based high-resolution scanning array 4004 (e.g. 

1 000X1 000 pixels) having its position along the z axis controlled by package height 
information obtained from the LADAR-based package imaging, detecting and dimensioning 
subsystem 3301; a pair of orthogonally-mounted tietd-of-vlew (FOV) steerable mirrors 4005 
and 4006 mounted beneath the lens 4003 and controlled by the x,y coordinates collected by 
20 the low- resolution CCD camera 400 1 . so as to scan detected package labels, collect high- 

resolution scan data therefrom, and decode processing the same so as to read bar code 
symbols within the deteaed package label in a fully automated manner without human 
intervention; 

Fig. 54 shows that this unitary system 4000 is simitar to system 1 and 3000 except 
that it employs a 2-D Hight resolution CCD-based bar code symbol reading subsystem 4002 
is used to read bar code symbols on packages, rather thana holographic scanning system, and 
30 that a low resolution CCD camera 4001 and subsystem 3301 are used to adjust the focus 

and steer the FOV of this CCD camera 4002 to where the low-resolution CCD camera 
determine where the bar code label is located. All other respects, these systems are similar in 
operation. 

Fig. 55 illustrates the relative spatial relation between the global coordinate 
reference system R^, symbolically embedded within the unluiy package 
identification system 4000, the local coordinate reference system Rujip symbolically 
^ embedded within the package imaging, detecting and dimensioning subsystem 3301 , 

the local coordinate reference system Rlrocd symbolically embedded within the low- 
resolution 2D CCD scanning array (i.e. camera) 4001, and the local coordinate 
45 reference system Rhrcxi» symbolically embedded wthin the high-resolution 2D CCD 

scanning array (i.e. camera) 4002. Also, Fig. 56 illustrates that all coordinates 
referenced with respect to one of the local coordinate systems depicted in Fig, 55 are 
00 converted to the global coordinate reference system using homogeneous 

transformations, as practiced in the first system embodiment described above. In 
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this system, the scan surface and package surface intersection determination 
subsystem will be modified to account for the fact that images of bar code symbols 
are captured and read and not scanned by laser scanning beams. To address this 
fact, the center of the image read by by the low resolution 2D CCD-based subsytem 
4001 is determined relative to the local coordinate system embedded therewithin, 
and then such cooridinates are converted back to the global coordinate reference 
frame embedded within the unitary system 4000. Also, the center of the image read 
by by the high resolution 2D CCD-based subsytem 4002 is determined relative to 
the local coordinate system embedded therewithin, and then such cooridinates are 
converted back to the global coordinate reference frame embedded within the unitaiy 
system 4000. Such coordinate transformations enables the system 4000 to 
determine whether there is an intersection between a particular bar code read by the 
hig{h-resolution CCD scanner 4002 and a package dimensioned by subsystem 600. 

Applications Of The Svstem Of The Present Invention 

In general, the package identification and measuring systems of the present invention 
can be installed in package routing hubs, shipping terminals, airports, factories, and the like. 
There of course will be numerous other applications for such systems as new situations arise, 
and the capabilities of such systems become widely Icnown to the general public. 

Modifications Of The Illustrative Embodiments 

While the package conveyor subsystems employed in the illustrative embodiments 
have utilized belt or roller structure to transport package, it is understood that this 
subsystem can be realized in many ways, for example: using trains running on tracks passing 
through the laser scanning tunnel; mobile transport units nmning through the scanning 
tunnel Installed in a factory environment; robotically-controlled platforms or carriages 
supporting packages, parcels or other bar coded objects, moving through a laser scanning 
tunnel subsystem. 

While the various embodiments of the package identification and measuring system 
hereof have been described in connection with linear (1-D) and 2-D code symbol scanning 
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Q applications, it should be clear, however, that the system and methods of the present 

invention are equally suited for scanning alphanumeric characters (e.g. textual information) 
in optical character recognition (OCR) applications, as well as scanning graphical images in 
graphical scanning arts. All that will be required is to provide image data storage buffers in 
each of the scanning units so that images of bar code symbols can be reconstructed during 
scanning operations, and then charaaer recognition techniques, such as taught in US Patent 
No. 5,727,081 to Burges, et al, incorporated herein by reference. 
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Advantages And Other Features Of The System Of The P resent Invention 



Through proper programming, the automated package identification and measuring 
systems of the illustrative embodiments described hereinabove can read virtually any bar 
code symbology imaginable (eg. Interleaved two of five. Code 128 and Code three of nine) 
and formats so as to sort and Identiiy packages at various package rates required by USPS or 
other end-users. The systems of the illustrative embcxiiments can read the ZIP Code (six 
digits), Package Identification Code (PIQ (sixteen characters)' and Tray bar code (ten digits) 
symbols. 

The tunnel scanning systems hereof can be configured so that all of the products 
30 passing through the "tunnel* shall be scanned and read for the valid USPS bar coded 

symbols regardless of the position of the bar code symbol on the surface of the product. This 
also Includes the bottom surface of the product. 

The tunnel scanning system hereof can be provided with additional equipment 
including, for example, tachometers, dimensioning units, suppoa structures, special povrer 
units (if required), air compressors and any other support equipment required by an 
application at hand. 

40 Preferably, the tunnel scanning systems of the illusuativc embodiments arc 

• constructed u.«sing standard interfaces such that scanners, decoders, concentrator, etc. arc 
interchangeable. 

The tunnel scanning systems hereof can read bar coded symbols through the entire 
population of tray and tub label holders in use by the USPS, and other package or parcel 
carriers. In addition, the tunnel scanning systems can read bar code symbols on the pad<:age 
products when the bar code symbol label is placed under diaphanous materials. 
50 There will be more than one bar code symbol on many of the packages found in the 

tunnel system hereof. Some of these symbols will not be valid USPS symbols. If there are 
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g multiple symbols on a package, the scanner logic will automatically identify and process only 

the USPS valid symbols. 

The tunnel scanning systems of the illustrative embodiments can process all types of 
produas (e.g. trays and tubs having extremely large variance in surface types, colors, and 
plastics (e.g. Tyvek material, canvass, cardboard, polywrap. Styrofoam. rubber, dark 
packages). Some of these product types include: softpack-pillows, bags; packages having 
non-flat bottoms, such as flats, trays, and tubs with and without bands; cartons; rugs; duffel 
bags (without strings or metal clips); tires; wooden containers; and sacks. 

It is understood that the laser scanning systems, modules, engines and subsystems of 
the illustrative embodiments may be modified in a variety of ways which will become readily 
apparent to those skilled in the art, and having the benefit of the novel teachings disclosed 

20 herein. Ail such modifications and variations of the illustrative embodiments thereof shall be 

deemed to be within the scope and spirit of the present Invention as defined by the Claims to 
Invention appended hereto. 
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